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ABSTRACT
A rtem isia  ketone i s  an i r r e g u la r  monoterpene th a t  
has been shown ex perim en ta lly  to  have an asymmetric 
l a b e l l in g  p a t te rn  when mevalonic a c id  i s  fed  to  whole 
p la n ts  of A rtem isia annua. The m a jo r i ty  of th e  l a b e l  i s  
i s o la te d  in  t h a t  h a l f  o f the  molecule d es igna ted  by ana­
logy to  r e g u la r  monoterpenes as the  I  u n i t .  However, 
cu rren t  th e o r ie s  of i r r e g u la r  monoterpene b io sy n th e s is  
p re d ic t  t h a t  each h a l f  o f a r te m is ia  ketone should  con ta in  
equal amounts of l a b e l  and th a t  mevalonic a c id  should be 
an e f f i c i e n t  p re cu rso r .
In  t h i s  re se a rc h  p ro je c t ,  s e v e ra l  feed in g  e x p e r i ­
ments were c a r r ie d  out w ith  whole p la n ts  of A rtem isia  
annua to  e lu c id a te  th e  d e t a i l s  of th e  asymmetric l a b e l l in g  
phenomenon. A pathway i s  proposed invo lv in g  thiam ine 
pyrophosphate as a c o fa c to r  in  converting  the amino ac id  
leuc in e  to  a f iv e -c a rb o n  p recu rso r of the D u n i t  of 
a r te m is ia  ketone. The s u b s t r a te s  chosen f o r  feed ing  
experiments were designed to  i n t e r a c t  w ith  the  proposed 
pathway and e f f i c i e n t l y  la b e l  the  D u n i t .
S u b s tra te s  fed  to  A. annua inc lu ded  the  amino ac id s  
leuc in e  and v a lin e  and t h e i r  a-hydroxy a c id  ana lo g s .
While th e  two amino a c id s  were no t e f f i c i e n t l y  incorpo­
ra te d  in to  a r te m is ia  ketone, th e  a-hydroxy a c id s  were
v i i
in co rp o ra ted  in  b e t t e r  y ie ld  than  mevalonic a c id !  How­
ever, deg rada tion  of a sample of a r te m is ia  ketone from the  
feed ing  of a a -hydroxyisocapro ic  a c id  showed t h a t  the 
m a jo r i ty  of th e  la b e l  re s id e d  in  th e  I  p o r t io n  of a r t e ­
m isia  ke tone . These s u b s t r a te s  were m etabolized  v ia  a 
mevalonoid pathway t h a t  was p rev io u s ly  shown to  be an 
im portant ro u te  of leu c in e  in c o rp o ra t io n  in to  ca ro teno ids  
v ia  HMG CoA.
Other s u b s t r a te s  examined as p recu rso rs  to  the  pro­
posed D pathway were 2-{ l-h y d ro x y -3-m ethy lbu ty l-[l- '* '^C ])-  
thiam ine ch lo r id e  hydroch lo ride  and i t s  th ia z o le  analog , 
2 - ( l -h y d ro x y -3 -m e th y lb u ty l- [ l - 'I'^C] )-if-m ethyl-5-( 2-hydroxy- 
e th y l ) th i a z o le .  Both of these  s u b s t r a te s  y ie ld ed  le v e ls  
of in c o rp o ra t io n  in to  a r te m is ia  ketone comparable to  
those  a t t a in e d  w ith  mevalonic a c id .  Feeding experiments 
w ith  two aldehydes, 3 -n ie th y lb u ta n a l - t l - ^ C ]  and 3 -m ethyl-  
2 ~ b u te n a l - [ l -1^'C], r e s u l t e d  in  s im i la r  l e v e ls  of r a d io ­
a c t i v i t y  i n  a r te m is ia  ke tone . Degradation of an a r te m is ia  
ketone sample from a 3 -m e th y lb u ta n a l - [ l - ^ fC] feed ing  
revea led  an asymmetric l a b e l l in g  p a t t e rn  w ith  th e  m a jo r i ty  
of the  l a b e l  lo ca ted  in  th e  I  u n i t .  Again, th ese  sub­
s t r a t e s  were m etabolized v ia  an e x i s t in g  mevalonoid pa th ­
way r e s u l t i n g  in  a l a b e l l i n g  p a t te rn  s im ila r  to  mevalonic 
a c id .
The s u b s t r a te s  s e le c te d  as p recu rso rs  to  the  D u n i t
v i i i
o f  a r t e m is i a  ketone d id  no t fo l lo w  th e  proposed ro u te  of 
m etabolism  in v o lv in g  th iam in e  pyrophosphate . They were 
u t i l i z e d  v ia  an  e s t a b l i s h e d  pathway in  which th e y  were 
degraded and r e in c o rp o ra te d  in to  a m evalonoid p re c u rs o r ,  
HMG CoA. T his  compound g iv es  r i s e  to  i s o p e n te n y l  pyro­
phosphate which i s  th en  used t o  g e n e ra te  m onoterpenes.
ix
I .  INTRODUCTION
"Of th e s e  w orts  t h a t  we name A r te m is ia ,  i t  i s  
s a i d  t h a t  Diana d id  f i n d  them and d e l iv e re d  
t h e i r  powers and leechdom to  C hiron th e  C en taur, 
who f i r s t  from th e s e  Worts s e t  f o r t h  a leechdom, 
and he named th e s e  w o rts  from  th e  name o f Diana, 
A rtem is , t h a t  i s  A r t e m i s i a s .TT (1)
A r te m is ia  annua (F ig u re  1) i s  an herb  be lo n g in g  to  
a group o f p la n t s  in  th e  Compositae c a l l e d  Wormwoods. The 
whole g roup , c o n s i s t in g  o f one hundred e ig h ty  s p e c ie s ,  i s  
known f o r  th e  extreme b i t t e r n e s s  o f  a l l  p a r t s  o f th e  
p l a n t .  E x t r a c ts  and t e a s  of th e  Wormwoods have been used 
th ro u g h o u t  h i s t o r y  i n  l i q u e u r s  such as  a b s in th e  and v e r ­
mouth and in  m ed ic ines  f o r  gout and d ig e s t io n  as  w e l l  as 
an a n th e lm in t ic  (1 ) .  Some s p e c ie s ,  su c h .a s  A. d racu ncu iu s  
( t a r a g o n ) ,  a re  commonly found in  herb  g a rd en s , whereas 
A. t r i d e n t a t a  ( s a g e b ru s h ) ,  covers  l a r g e  a r e a s  o f th e  wes­
t e r n  p l a in s  o f th e  U nited  S ta t e s  and has fo ra g e  v a lu e  f o r  
w i l d l i f e  o n ly  when a h a r sh  w in te r  has k i l l e d  o th e r  vege­
t a t i o n  ( 2 ) .  A rte m is ia  annua i s  n o t n a t iv e  t o  t h i s  co u n try  
(3 ) ,  b u t  grows a b u n d a n tly  i n  Turkey ( 4 ) ,  B u lg a r ia  ( 5 ) ,  and 
p a r t s  o f  R u ss ia  ( 6 ).
The m ed ic in a l  and a ro m a tic  p r o p e r t i e s  of th e s e  herbs
Artemisia a n n u a
10
8
l
Ar t e mi s i a  Ke t o n e
F ig u re  1 . F o l ia g e  o f  A. annua and  s t r u c t u r e  of a r t e m is i a  
k e to n e .
3a r e  a t t r i b u t e d  to  e s s e n t i a l  o i l  components. The e s s e n t i a l  
o i l  i s  a  complex m ixture of s t e a m - v o la t i l e  p l a n t  c o n s t i ­
t u e n t s  n o rm a lly  d ep o s ited  i n  e i t h e r  dead c e l l s ,  o i l  c a v i­
t i e s  o r  s u b c u t i c u l a r  sp aces  o f  g la n d u la r  h a i r s  ( 7 ). 
A r te m is ia  k e to n e  i s  a p u n g e n t-sm e ll in g  te rp e n e  which i s  
th e  m ajor c o n s t i tu e n t  o f th e  e s s e n t i a l  o i l  o f  A. annua.
In  1917 ■(#) t h e  compound was f i r s t  r e p o r te d  a s  a  k e to n ic  
m olecu le  p o sse s s in g  two doub le  bonds and hav ing  th e  mole­
c u la r  fo rm ula  The s t r u c t u r e  (F igu re  1) was
su p p o r te d  by c l a s s i c a l  d e g r a d a t io n  methods ( 9 ) .  Ruzicka, 
e t  ajL (10) o f f e r e d  f u r t h e r  c o n f irm a t io n  of th e  o r i g i n a l l y  
proposed  s t r u c t u r e  and commented on th e  i r r e g u l a r i t y  of 
th e  te rp e n e  l in k a g e .
As e a r l y  a s  1887, W allach  (11) had u ndertaken  a s tu d y  
o f  e s s e n t i a l  o i l  components f rom  which he p o s tu la te d  th e  
" is o p re n e  r u l e ” . This r u l e  c a te g o r iz e d  th e  s t r u c t u r e  of 
many n a t u r a l  compounds a s  a h e a d - t o - t a i l  o r  4 -1  d im eriza -  
t i o n  o f  th e  b a s i c  f iv e - c a rb o n  u n i t ,  iso p ren e  (F ig u re  2 ) .  
However, o th e r  p o s s i b i l i t i e s  su ch  as the  4 -2  d im e r iz a t io n  
n o ted  above f o r  a r te m is ia  k e to n e  d id  not f i t  i n to  the  
iso p re n e  r u l e  and were d e s c r ib e d  as " i r r e g u l a r ” .
The iso p re n e  ru le  was l a t e r  m odified  by Ruzicka (12) 
t o  in c lu d e  a wide range o f  b io s y n t h e t i c  p o s s i b i l i t i e s .
This r e v i s e d  concept of t e r p e n e  b io s y n th e s is  i s  c a l le d  
th e  b io g e n e t i c  isoprene  r u l e  and s t a t e s  t h a t  n a t u r a l l y
kISOPRENE
9 » ------ 9 - •
1 2  3 4
»■ '9 9 —  — —  —  —  »  —  •  •  •  1 "1 •
4 - 1
• <— •— •
4 - 2
• •
4 - 3
   >
•  I I I
4 - 4
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F ig u re  2. Modes of d im e r iz a t io n  o f  isop rene
5o c c u rr in g  t e rp e n o id s  a r e  d e r iv e d  e i t h e r  d i r e c t l y  o r by 
way of p r e d ic ta b le  s t e r e o s p e c i f i c  c y c l i z a t i o n s , r e a r r a n g e ­
ments and d im e r iz a t io n s  from a c y c l i c  com binations of a 
b a s i c  f iv e - c a rb o n  u n it*  The s e a rc h  f o r  th e  b i o lo g ic a l  
e q u iv a le n t  o f  t h a t  f iv e - c a rb o n  u n i t  has been  th e  m ajor 
im petus of many r e s e a r c h  g roup s . A key d is c o v e ry  in  th e  
b io s y n th e s i s  o f t e rp e n e s  and s t e r o i d s  was t h a t  m evalonic 
a c id  (MVA) was in c o rp o ra te d  a lm o s t  q u a n t i t a t i v e l y  in to  
c h o le s t e r o l  i n  c e l l - f r e e  system s d e r iv ed  from  e i t h e r  
y e a s t  or l i v e r  (1 3 ) .  The b io s y n th e s i s  o f  m evalonic a c id  
from  a c e ta t e  (14) i s  shown in  F ig u re  3*
Conversion o f  MVA in to  is o p e n te n y l  pyrophosphate  
(IFP) and d im e th y la l ly lp y ro p h o sp h a te  (DMAPP) i s  shown in  
F ig u re  4. MVA-kinase c a ta ly z e s  th e  p h o sp h o ry la t io n  o f 
MVA and sub sequen t d e c a rb o x y la t io n  (1 5 ) . The condensa­
t i o n  of IPP and DMAPP th e n  o ccu rs  v ia  an Sjj2-E2 r e a c t i o n  
to  g ive  a "normal" m onoterpene, g e ran y l pyrophosphate  
(GPP). In  accordance  w ith  th e  b io g e n e t ic  iso p re n e  r u l e ,  
GPP undergoes f u r t h e r  rea rran g em en ts  and co n d en sa tio n s  
to  produce a  wide spec trum  o f  known compounds (F ig u re  5 ) .  
Thus, on b io s y n th e t i c  grounds, each  monoterpene can be 
d e sc r ib e d  a s  c o n ta in in g  two s e c t i o n s ,  a D s e c t i o n  d e r iv e d  
from  DMAPP and an I_ s e c t io n  d e r iv e d  from IPP . I t  was 
en v is io n ed  t h a t  fe e d in g  of l a b e l l e d  MVA t o  p la n t s  would 
r e s u l t  in  th e  i s o l a t i o n  o f l a b e l l e d  m onoterpenes. How-
6A -C o A S  C H I
o o
CH3/ ^ S S C oA
H,C OHO A C*
HOpC
^  ® SCoA
I
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F igu re  3• B io sy n th e s is  o f mevalonic a c id  from a c e ty l  CoA- 
[ 2- ^ 0 ] .
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F ig u re  4 . Conversion o f  MVA in to  m onoterpenes.
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F ig u re  5. M onoterpenes.
9e v e r ,  th e  l a b e l  d id  n o t o ccu r  e q u a l ly  in  th e  D and I  
u n i t s  o f th e  t e r p e n e s .
In c o rp o ra t io n s  of s e v e r a l  key p re c u rso rs  in to  mono­
te rp e n e s  a re  l i s t e d  in  Table  1. Among th e  r e g u la r '  t e r ­
penes, t h r e e  ty p e s  o f l a b e l l i n g  p a t t e r n s  a r e  observed .
The most common r e s u l t  i s  a n  asymmetric d i s t r i b u t i o n  of 
th e  l a b e l  w i th  th e  m a jo r i ty  (80 -  90$) lo c a te d  i n  th e  I  
s e c t io n  of th e  m onoterpene, However, some examples have 
been r e p o r te d  where th e  m a jo r i ty  r e s i d e s  i n  th e  D s e c t i o n .  
There have a l s o  been r e p o r t s  o f  sym m etrica l l a b e l l i n g  in  
m onoterpenes.
Banthorpe and Charlwood (16) in tro d u c e d  th e  concept 
o f s e p a ra te  p o o ls  f o r  th e  monoterpene p r e c u r s o r s ,  IPP and 
DMAPP, in  o rd e r  to  e x p la in  a d e q u a te ly  asym m etric l a b e l l i n g  
r e s u l t s .  The te rp e n e s  ( - ) - t h u j o n e ,  (+ ) - i s o th u jo n e  and 
( + )-sab inen e  were b io s y n th e s iz e d  from MVA-[2-^C] by 
Thuja, Tanaceturn and Ju n ip e ro u s  s p e c i e s r e s p e c t i v e l y .  
While a c tu a l  in c o r p o r a t io n  was low (0 .004  -  0 .008$), 
th e  bu lk  of th e  t r a c e r  (90 -  99$) was lo c a te d  in  t h a t  p a r t  
o f th e  s k e le to n  d e r iv e d  f ro m 'IP P .  The t r a c e r  p a t t e r n  in  
(+ ) - s a b in y l  a c e t a t e  was a l s o  asymmetric b u t  th e  a c e ta t e  
group c o n ta in e d  t e n  t im es  more l a b e l  th a n  th e  te rp e n o id  
p o r t io n ,  i n d i c a t i n g  e x te n s iv e  d e g ra d a t io n  o f MVA and 
r e in c o r p o r a t io n  as  tw o-carbon  fragm en ts .
In  a r e l a t e d  ex p e rim en t,  Banthorpe and Baxendale (17 )
TABLE 1
INCORPORATIONS OF PRECURSORS INTO REGULAR MONOTERPENES
P lan t Terpene S u b s tra te I D2& Ref.
Thuja thu jone MVA-[2- lifC] 90 10 ( 16)
Tanacetum iso th u jo n e • 90 10 ( 16 )
Juniperous sabinene ii . 90 10 (1 6 )
A. C a l i fo rn ia camphor ii 39 13 (17)
S a lv ia tt ii 97 7 (17)
C. b a lsam ita ii ii 35 4 (17)
Tanacetum iso th u jo n e IPP 38 10 (18 )
Tanacetum u DMAPP 36 14 (13)
Tanacetum ii 3 , 3-d im e th y la c ry l ic  a c id 80 18 (13)
P. g raveolens g e ra n io l ii 70 13 ( 18 )
M. pulegium pulegone it 91 11 (18 )
P. roseum g e ra n io l
i—
i
0i—iiCM 1___
l
1gj 81 10 (19)
P. roseum c i t r o n e l l o l II 68 10 (19)
O
Table 1 (Continued)
P la n t  Terpene
T. vu lgare  
T. vu lgare
g e ra n io l
n e ro l
S u b s tra te
IPP
T. vu lgare  
C. camphora 
C. camphora 
P. roseum 
P. roseum 
P. roseum 
P. roseum
GPP
l i n a l o o l
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g e ra n io l
i i
c i t r o n e l l o l
C02
le u c in e
v a l in e
le u c in e
v a l in e
le u c in e
v a l in e
te a  ro se  
P . g raveo lens 
C. camphora 
C. m onilifo rm is
g e ra n io l
g e ra n io l
l i n a l o o l
g e ra n io l
MVA-[2-1/fC]
g lucose
MVA-[2~1/fC]
it
I Ref.
65 34 (20)
68 33 (20)
— 98 (18)
18 81 (21)
30 70 (22)
26 73 (23)
16 84 (23)
17 .83 (23)
12 88 (23)
53 50 (24)
51 50 (18)
54 46 (25)
49 53 ( 26)
Table 1 (con tinued)
P lan t  Terpene
C. m onilifo rm is  g e ra n io l
C. m onilifo rm is  g e ra n io l
S u b s tra te
leu c in e
a c e ta te
I  D& Ref.
50 54 ( 26)
52 35 (26)
h*N
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in v e s t i g a t e d  th e  b io s y n th e s i s  o f  camphor in  A r te m is ia  
C a l i f o r n i a . S a lv ia  l e u c o th v l l a  and Chrysanthemum b a l s a m i ta . 
Again, th e  in c o rp o r a t io n  of MVA-[2-'1'^C] was u n ifo rm ly  low 
{0.002  -  0 . 2$) and th e  b u lk  (73 -  &3$ )  °£ 't i^e t r a c e r  was 
l o c a te d  a t  C-6  in  th e  I  u n i t  w i th  th e  ba lance  ev e n ly  d i s ­
t r i b u t e d  among th e  rem ain ing  n in e  carbon  atoms.
I n  a  l a t e r  ex p e rim en t,  A lle n  et, al. (13) ex tended  th e  
t r a c e r  work w ith  ( + ) - i s o th u jo n e  in  Tanacetum v u lg a re  to  
in c lu d e  th e  s u b s t r a t e s  IP P -[4 -^ * C ], DMAPP-[4-^!'C] and 
3 , 3 - d im e th y la c r y l i c  a c id - [ M e - ^ C ] ,  Iso th u jo n e  b io s y n th e ­
s iz e d  from  IPP and DMAPP c o n ta in e d  36$ of th e  t r a c e r  a t  
th e  ca rb o n y l  ca rbon . 3 , 3 -D in ie 'thy lac ry lic  a c id  was a l s o  
fe d  t o  Pelargonium  g rav eo len s  and Mentha pulegium  i n  
a t te m p ts  t o  l a b e l  g e r a n io l  and ( + )-pu legone . In  each  of 
th e  t h r e e  m ono terpenes, th e  b u lk  o f  th e  t r a c e r  was lo c a te d  
in  th e  IPP d e r iv e d  p o r t io n .
S im i la r  r e s u l t s  were o b ta in e d  in  l a b e l l i n g  s tu d i e s  
done by Suga and S h is h ib o r i  (19)* G eran io l and c i t r o n e l l o l  
were b io s y n th e s iz e d  from  MVA-[2- ^ C ]  by Pelargonium  
roseum . D eg rad a tio n  s tu d ie s  o f th e s e  te rp e n e s  in d ic a te d  
t h a t  70$ o f  th e  t r a c e r  was l o c a te d  a t  C-4 in  th e  I. u n i t  
w h ile  C -3 ,10  c o n ta in e d  l e s s  th a n  20$ of th e  l a b e l .
C e l l - f r e e  e x t r a c t s  o f Tanacetum v u lg a re  le a v e s  con­
t a i n e d  enzymes f o r  th e  b io s y n th e s i s  o f b o th  g e r a n io l  and 
n e r o l  (2 0 ) .  The combined y i e l d  o f m onoterpenes b io s y n -
14-
th e s i z e d  from  I P P - [ 4 - li}‘C] was a rem ark ab le  1 1 .9 $ , w h ile  
MVA-[2--^C] was a  l e s s  e f f i c i e n t  s u b s t r a t e  w i th  combined 
y i e l d  o f  2 .4 $ .  S u r p r i s i n g l y ,  t h i s  in  v i t r o  sys tem  a l s o  
produced a s y m m e tr ic a l ly  l a b e l l e d  m onoterpenes w i th  
65 -  90$ o f  th e  t r a c e r  lo c a t e d  in  th e  IPP p o r t io n  o f  th e  
s k e le to n .
An u n u su a l  l a b e l l i n g  p a t t e r n  was produced by ex pos ing  
f o l i a g e  o f  Tanacetum v u lg a re  t o  p h y s io lo g ic a l  l e v e l s  of 
carbon  d i o x i d e - [ ^ C ]  f o r  tw e n ty  days (1 $ ) .  A s o lu b le  
enzyme system  f o r  th e  s y n th e s i s  o f  g e ra n y l  pyrophosphate  
was p re p a re d  from  th e  f o l i a g e .  When i s o t o p i c a l l y  norm al 
IPP was added t o  th e  enzyme system , th e  p roduct,. GPP, was 
a s y m m e tr ic a l ly  l a b e l l e d ;  however, e s s e n t i a l l y  a l l  ( 9#$) 
o f  th e  t r a c e r  was lo c a t e d  in  th e  DMA.PP p o r t io n .
Suga (21-23) c la im ed  t o  have l a b e l l e d  th e  DMA.PP p o r­
t i o n  o f  g e r a n i o l ,  l i n a l o o l  and c i t r o n e l l o l  by  f e e d in g  th e  
amino a c id s  l e u c in e  and v a l in e  t o  Cinnamomum camphora 
and P. roseum . Suga c a lc u la te d  th e  t o t a l  r a d i o a c t i v i t y  o f  
f i v e  ca rb ons  o f l i n a l o o l  t o  be e q u iv a le n t  to  5/3 of th e  
l a b e l  found i n  th e  th r e e - c a r b o n  is o p ro p y l id e n e  frag m en t.
A similar rationale was employed in analysis of labelling 
data from geraniol and citronellol. The pathway he pro­
posed for the incorporation of amino acids into monoter­
penes is shown in Figure 6.
There have a l s o  been  r e p o r t s  o f s y m m e tr ic a l ly  d i s -
15
CO H" r r - a
NH,
0  H 
2i X
o o  » N H_
\ ^ - > Y ^ S C o A  2
1  °  1
YY 1 0 SCoA
\  /
c °2H
OH 1
O P P  
DM APP
F ig u re  6. C onversion  o f  le u c in e  and v a l in e  to  DMA.PP.
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t r i b u t e d  l a b e l l i n g  p a t t e r n s .  These r e s u l t s  were o b ta in e d  
from  a s tu d y  of g e r a n io l  b io s y n th e s i s  i n  th e  hybrid , t e a  
r o s e  by F ra n c is  et_ aL  (2 4 ) .  .When f lo w e r  heads were in c u ­
b a te d  w i th  d ib e n z y le th y le n e d ia m in e  s a l t  o f  MVA-[2- ^ C ] ,  
g e r a n io l  and  n e r o l  i s o l a t e d  one hour a f te r w a r d  c o n ta in e d  
2 .5  -  5$ o f  th e  a p p l i e d  MVA. The p u r i f i e d  compounds were 
th e n  degraded  in  o rd e r  to  a s c e r t a i n  th e  l o c a t i o n  o f th e  
l a b e l .  The t r a c e r  was d i s t r i b u t e d  e q u a l ly  betw een C-4,5 
and C -S ,10.
G e ra n io l  was a l s o  found t o  be sy m m e tr ic a l ly  l a b e l l e d  
by  A lle n  e t  ad. ( IS )  i n  P e largon ium  g ra v e o le n s . I n  t h i s  
c a se  th e  s u b s t r a t e  was g lu c o s e - [ U - ^ C ]  and g e r a n i o l  
in c o r p o r a te d  0 .001$ o f  th e  l a b e l .  D eg rad a tio n  r e v e a le d  
th e  l a b e l  t o  be e q u a l ly  d i s t r i b u t e d  among th e  t e n  c a rb o n s .
Suga (25) conduc ted  s t u d i e s  on th e  b i o s y n t h e s i s  o f 
l i n a l o o l  i n  G_. cam phora. i n  w hich  th e  maximal in c o r p o r a t io n  
o f  M VA-[2-^C] in to  l i n a l o o l  was 0 .022$ . D eg rad a tio n  
p ro c ed u re s  e s t a b l i s h e d  a d i s t r i b u t i o n  o f r a d i o a c t i v i t y  
among c a rb o n s :  C -7 ,3 ,1 0  (46$ ) ,  C - l , 2 ,3 > 4 ,5 ,9  (5 4 $ ) .
Thus, he conc luded  t h a t  l i n a l o o l  was sy m m e tr ic a l .
Lanza and  Palm er (26) i n v e s t i g a t e d  th e  p ro d u c t io n  of 
m onoterpenes v ia  th e  fu n g a l  c u l t u r e ,  C e r a to c v s t i s  
m o n i l i f o r m is . The m onoterpenes e x c re te d  i n t o  th e  fu n g a l  
grow th  medium were t y p i c a l  o f  th o s e  produced by h ig h e r  
p l a n t s  and in c lu d e d  c i t r o n e l l o l ,  g e r a n i o l ,  g e r a n i a l ,  n e r o l ,
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l i n a l o o l ,  and a - t e r p i n e o l .  Of th e s e ,  g e r a n io l  was s tu d ie d  
to  de term ine  th e  e x te n t  o f in c o rp o r a t io n  o f t h r e e  r a d i o ­
a c t iv e  p r e c u r s o r s ,  MVA-[2- ^ C ] ,  L - le u c in e ~ [ 4 ,5-^H] and 
a c e t a t e - [ 2- ^ C ] . L eve ls  o f in c o r p o r a t io n  f o r  each  sub ­
s t r a t e  in to  g e r a n io l  w ere: MVA, 0 .3 6$ ; L - le u c in e ,  0 .13$ ;
a c e t a t e ,  0 .74$ . The h ig h e r  in c o rp o r a t io n  of a c e t a t e  was 
a s c r ib e d  to  p e r m e a b i l i ty  b a r r i e r s  which may have p re v en ted  
m evalonic a c id  from  e n te r in g  th e  s i t e  o f  secondary  m eta­
b o l i t e  s y n th e s i s .  The d i s t r i b u t i o n  o f  r a d i o a c t i v i t y  
conformed in  a l l  cases  to  t h a t  t h e o r e t i c a l l y  expec ted  
f o r  fo rm a tio n  o f g e r a n io l  v ia  MVA {Figure 7 }. I t  was 
found t h a t  th e  l a b e l  in  g e r a n io l  was a g a in  e q u a l ly  d i s ­
t r i b u t e d  between th e  two f iv e - c a r b o n  u n i t s .
I r r e g u l a r  t e rp e n o id s  a r e  a c l a s s  of compounds t h a t  
do n o t  conform t o  e i t h e r  th e  c l a s s i c a l  iso p ren e  r u l e  o r  
i t s  b io g e n e t ic  e x te n s io n .  Most a r e  m onoterpenes in  which 
th e  t a i l  of one iso p re n e  u n i t  i s  l in k e d  to  one o f  th e  cen­
t r a l  atoms of th e  o th e r  u n i t ,  in  c o n t r a s t  to  th e  t y p i c a l
h e a d - t o - t a i l  f a s h io n  (F ig u re  2 ) .  I r r e g u l a r  m onoterpenes
*
have an a lm ost e x c l u s i v e . d i s t r i b u t i o n  in  th e  Anthemideae 
t r i b e  o f  th e  Compositae (27)# Examples o f  th e  f o u r  m ajor 
s k e l e t a l  ty p e s  and t h e i r  n a t u r a l  so u rce s  a r e  l i s t e d  in  
Table 2.
■ V arious s p e c u la t io n s  have been made as  t o  th e  b io s y n ­
t h e t i c  o r ig in s  o f  a r t e m is i a  ke tone . The f i r s t  two mecha-
. y ^ - o
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F ig u re  7* L a b e l l in g  p a t t e r n s  i n  g e r a n io l .
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TABLE 2
IRREGULAR MONOTERPENES AND THEIR NATURAL SOURCES
A rte m isy l
A r te m is ia  ja p o n ic a ,  
l u d o v ic ia n a ,  annua ( 2 8 )
a r te m is i a  a lc o h o l
OAc
a r t e m is i a  a c e t a t e
A r te m is ia  annua (28)
A c h i l l e a  ag e ra tu m  (3 2 ) ,  
m i l le f o l iu m  (3 3 ) ;  A r te m is ia  
annua, a p ic a c a e ,  a b r u s c u la ,  
f r i g i d a ,  j a p o n ic a ,  l u d o v i ­
c ia n a  ( 2 8 ) p r i n c e p t s  ( 2 8 ); 
Chrysanthemum tan ace tu m  (28)
a r te m is i a  ketone
T a b le  2 ( c o n t i n u e d )
yom igi a lc o h o l
C. vu lgare  ( 2 8 ); S a n to l in a  
cham aecyparrisus (28 );
A. C a l i fo r n ia  (34), v u lg a r i s  
( 3 5 ) ,  p o n t ic a  ( 3 6 ) ,  f e d d i  
( 2 8 )
A rtem isia  a rb u sc u la ,  
t r i d e n t a t a  ( 2 8 );
S. cham aecyparrisus (28)
a r te m is ia  t r i e n e
s a n o l in a  t r i e n e
S a n to l in y l
A. a rb u sc u la ,  nova, 
t r i d e n t a t a  {28 };
S. cham aecyparrisus (28)
A. t r i d e n t a t a  (38)
oxido s a n to l in a  t r i e n e
T a b le  2 ( c o n t i n u e d )
artem seo le
A. t r i d e n t a t a  (39)
Chrysanthemyl
h o 2c
lR-3R-chrysanthem ic ac id
13 sp e c ie s  of Chrysanthemum
(2d)
H O -
lR-3R-chrysanthemol
A. lu d o y ic ian a  (40)
Lavandulyl
HO Lavandula o f f i c i n a l i s ,  
vera  ( 2d)
R -lay an d u lo l
Table 2 (c o n tin u ed )
(3 -C y c lo lav an d u la l
S e s e l i  indicum (23)
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nisms comply w ith  th e  b io g e n e t ic  iso p re n e  r u l e  in  t h a t  th e  
p re c u rs o r  t o  th e  i r r e g u l a r  a r te m is y l  s k e le to n  i s  a  norm al 
monoterpene a r r i v e d  a t  by rea rran g em en ts  on the  b a s ic  t e n  
carbon  compound, GPP. The mechanism proposed  by Clemo 
( 2 9 ) c o n s t ru c te d  th e  a r t e m is y l  s k e le to n  by  f i s s i o n  o f  
3 -c a re n e  (F ig u re  8 ). W hereas, the  mechanism proposed by  
Robinson (30) f e a tu r e d  a r in g -o p e n in g  o f  a  cy c lo p ro p y l 
in te rm e d ia te  which was d e r iv e d  from l i n a l o o l  .
L a te r  p ro p o sa ls  d e v ia te d  from th e  norm al 4-1  d im e r i -  
z a t io n  o f  " is o p re n e " .  R uzicka (31) (F ig u re  9) p roposed  
t h a t  th e  co n d en sa tio n  o f two m olecules o f  1 , 1-dime th y  l a  1 -  
ly lp y ro p h o sp h a te  in  an abnorm al 4-2  f a s h io n  would form  
th e  i r r e g u l a r  s t r u c t u r e .  R ichards  and H endrickson (14 ) 
proposed a v a r i a t i o n  of R uzicka rs mechanism in  which con ­
d e n s a t io n  o c c u rre d  between two m olecules o f  3 , 3-d im e th y l-  
a l ly lp y ro p h o sp h a te ,  DMA.PP.
B ates and P akn ikar (41) (F igure  10) f i r s t  p roposed  
a b io s y n th e t i c  r e l a t i o n s h i p  between a r t e m i s i a  ketone  and  
a n o th e r  i r r e g u l a r  te rp e n e ,  chrysanthem ic a c id .  C hrysan - 
them ic a c id  occu rs  in  e s t e r  form  in  p y r e th r in s  I  and I I  
i n  f lo w e rs  o f Chrysanthemum c in e r a r i a e f o l iu m . S ince  t h e  
e s ta b l is h m e n t  o f  p re sq u a le n y l  pyrophosphate  as a p r e c u r s o r  
ofT squa lene  (4 2 , 4 3 ), th e  r e l a t i o n s h i p  between th e  c h ry -  
san them yl s t r u c t u r e  and o th e r  i r r e g u l a r  te rp e n e s  has been  
co n s id e red  more v ia b le .  The cy c lo p ro p y l in t e r m e d ia te s ,
24
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p re sq u a le n y l  pyrophosphate and p rep hy toen y l pyrophosphate 
a r e  co n s id e red  s t r u c t u r a l  l in k s  between h ig h e r  te rp e n e s  and 
i r r e g u l a r  m onoterpenes. The c y c lo p ro p y lc a rb in y l  c a t io n  
g en e ra ted  by s o lv o ly t i c  removal of pyrophosphate in  th e  
mechanism of Bates and P aknikar (41) has been m odelled by 
th e  a lkoxypyrid in ium  io d id e  d e r iv a t iv e  of 1 fR -3 rR -chrysan- 
them ol. Under normal s o lv o ly s i s  c o n d i t io n s ,  P o u l te r  e t  a l . 
(44) r e p o r te d  t h a t  9&fo o f th e  p roduc ts  had a r te m is y l  s k e l e ­
tons  and d ihydrochrysanthem yloxypyrid in ium  io d id e  y ie ld e d  
on ly  p ro d u c ts  of a s a n t o l i n y l  s k e le to n  upon h y d ro ly s is  
(F igure 10 ). However, chrysanthem yl or s a n t o l i n y l  com­
pounds were not d e te c te d  when a r te m is ia  and yomigi d i n i t r o -  
benzoa tes  were s u b je c te d  to  h y d ro ly t ic  c o n d i t io n s .
T ro s t  and LaRochelle (45) proposed th e  l in k in g  of 
two m olecules of DMA.PP to  a  s u l fh y d ry l  group on th e  enzyme 
and su gges ted  t h a t  th e  r e s u l t i n g  su lfon ium  y l id e  would 
form th e  i r r e g u la r  s t r u c t u r e  v ia  a S tevens rearrangem ent 
(F igure  11 ) . The f e a s i b i l i t y  of t h i s  p ro p o sa l  was 
examined by model s t u d ie s  (4 6 ) . S o lv o ly s is  o f S .,^-dim ethyl 
S^-artem isyl sulfonium  f lu o b o ra te  in  ace tone  g en e ra ted  
alm ost e x c lu s iv e ly  yomigi a lc o h o l .  With m ethanol a s  s o l ­
v en t,  th e  major p roduct was m ethyl a r te m is y l  e th e r .  Minor 
c o n s t i tu e n t s  J l e s s  than  2fo) were i d e n t i f i e d  a s  th e  
re a r ra n g e d  products  having  chrysanthem yl, s a n t o l i n y l  and 
head -to -h ead  s k e le to n s .
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F i n a l ly ,  E p s te in  and P o u l te r  (23) have proposed  a 
u n i f i e d  approach to  i r r e g u l a r  monoterpene b io s y n th e s i s  
i n  which d im e r iz a t io n  of two DMA.PP u n i t s  i s  i n i t i a t e d  by  
a t t a c k  o f  an e le c t ro n -d o n a t in g  g roup , X, a t  C-2. The 
in te rm e d ia te  s t r u c t u r e  I_ i s  d e p ic te d  in  F ig u re  12. Two 
modes o f e l im in a t io n  o f X from a r e  p o s s ib le ,  one to  
g ive  th e  la v a n d u lo l  s k e le to n ,  and th e  second to  form  a 
cy c lo p ro p y l in te rm e d ia te  of th e  chrysanthem yl s k e le to n .
This in te rm e d ia te  can d i r e c t l y  form  a c y c lo p ro p y lc a rb in y l  
c a t io n  by s o lv o ly s i s  of th e  pyrophosphate  m oie ty . The 
c a t i o n i c  sp e c ie s  i s  s t a b i l i z e d  by b re ak in g  one o f two 
bonds t o  form e i t h e r  th e  s a n t o l i n y l  o r  a r te m is y l  s k e l e t o n s .
P u b lish ed  ex p e r im en ta l  ev idence  on th e  b i o s y n th e s i s  
o f a r t e m is ia  ketone up to  th e  p re s e n t  time i s  based  s o l e l y  
on th e  i n v e s t i g a t io n  of two r e s e a r c h  g ro u p s : B anthorpe
• -Ji.
e t  a l . a n d  Suga e t  a l .  Table 3 o u t l in e s  th e  l a b e l l i n g  
p a t t e r n s  of a r te m is ia  ketone and chrysanthem ic a c id  w i th  
v a r io u s  s u b s t r a t e s .
The ornam enta l shrub S a n to l in a  c hama e c v t a r r  i s  us h as  
been r e p o r te d  to  y i e ld  an o i l  t h a t  co n ta in ed  65%  (by 
w e ig h t)  a r te m is ia  ketone (4 7 ) . L a b e l l in g  s tu d ie s  (4&) 
w ith  t h i s  shrub re v e a le d  e x te n s iv e  in c o rp o r a t io n  of 
MFA-[2- ^ (‘Cl in to  a -p in e n e ,  myrcene and th re e  u n i d e n t i f i e d  
m onoterpenes. However, a r te m is ia  ke tone  d id  n o t  c o n ta in  
s i g n i f i c a n t  l a b e l ;  th u s  su g g es tin g  t h a t  th e  ketone  was
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TABLE 3
INCORPORATIONS OF PRECURSORS INTO IRREGULAR MONOTERPENES
PLANT TERPENE SUBSTRATE I M REF.
A. annua a r te m is ia  ketone MVA 92 10 (49)
IT it it BO 13 (50)
II ti IPP 96 5 (51)
It it DMAPP 39 10 (5D
II ti g e r a n io l - [ 2 - ^ C ] 60 - (53)
It 11 n e r o l - [ 2 - 1 '^C] 60 - (53)
S. chamaecyparrisus ti IPP 93 - (52)
it it DMAPP 93 - (52)
tr ii DMVC 30 20 (52)
it tran s-ch rvsan them ol it 62 33 (52)
C. c in e ra r ia e fo l iu m chrysanthemic a c id MVA 51 39 (54)
it ii MVA 5 99 (55)
VjJH
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b io s y n th e s i z e d  v ia  a non-m evalonoid  pathway.
I n  a  l a t e r  experim en t w i th  A r te m is ia  annua , E an tho rpe  
and  Charlwood (49) d e te rm in ed  t h a t  M VA-[2-^C] was in d eed  
in c o r p o r a te d  i n t o  a r t e m i s i a  k e to n e  a t  low l e v e l s  (.0 .001  -  
0 .0 1 $ ) .  D eg rad a tio n  o f  th e  m o lecu le  r e v e a le d  92$ o f  th e  
t r a c e r  was lo c a t e d  a t  C -3 ,9 ,1 0 .  Suga e t  a l  ( 5 0 ) con f irm ed  
th e  work (4 9 ) and found th e  l e v e l  o f  in c o r p o r a t io n  o f  
M 7A -[2 -^C j i n t o  a r t e m i s i a  k e to n e  to  be 0 .001$ ., A gain , 
t h e  l a b e l l i n g  p a t t e r n  proved t o  be a sy m m e tr ic .w ith  th e  
i n t e r n a l  m e th y ls ,  C -9 ,10 , c o n ta in in g  3 0 $ -of th e  l a b e l  
w h i le  th e  t e r m in a l  m e th y ls ,  C-7>8, c o n ta in e d  o n ly  13$ o f 
t r a c e r .
A more e x te n s iv e  s tu d y  o f  a r t e m i s i a  k e to n e  b io s y n ­
t h e s i s  i n  A. annua and S.. c h a m a ecy p a rr isu s  p roduced  s im i ­
l a r  r e s u l t s  (5 1 ) .  M7A-[2-14C ] , I P P - O - 12^ }  and
DMAPP-[4-^C] were s tu d i e d  a s  s u b s t r a t e s .  W hile A. annua 
in c o r p o r a te d  a l l  t h r e e  s u b s t r a t e s  a t  optimum l e v e l s  of 
0 .0 4  -  0 .3 $ ,  S. ch am aecy p arr isu s  u t i l i z e d  o n ly  DMAPP and 
IPP a s  p r e c u r s o r s  o f  a r t e m i s i a  k e to n e ,  w i th  0 .2  -  0 .3$  
i n c o r p o r a t io n .  D eg rad a tio n s  e s t a b l i s h e d  t h a t  th e  t r a c e r  
i n  each  case  was a s y m m e tr ic a l ly  l o c a te d .
I n  v i t r o  s t u d i e s  r e p o r t e d  by B anthorpe e t  a l  (52) 
w i th  A. annua and S.. ch am aecv p arr isu s  summarized th e  
i n c o r p o r a t io n  o f  a v a r i e t y  o f  p r e c u r s o r s  i n t o  t e rp e n e s  o f 
i r r e g u l a r  s k e l e t o n s .  The amount o f t r a c e r  ( 0 .2  -  5 .4 $ )
in c o rp o ra te d  in to  p ro d u c ts  by a  c e l l - f r e e  system  p rep a red  
from A. annua was i n v e r s e ly  dependent on i n i t i a l  concen­
t r a t i o n s  o f  s u b s t r a t e .  The f iv e - c a r b o n  p re c u rs o r s  IPP, 
DMAPP and d im e th y lv in y lc a rb in o l ,  DMVC, were in c o rp o ra te d  
a sy m m e tr ic a l ly  in to  b o th  a r t e m is i a  ketone and t r a n s -  
ch rysan them yl a lc o h o l ,  in  r a t i o s  o f 30:20  and 62 :33 , 
r e s p e c t i v e l y .  Of m ajor s ig n i f i c a n c e  was th e  co n v e rs io n  
o f bo th  c i s  and t r a n s -ch ry san them yl a lc o h o ls  and t h e i r  
pyrophosphates  in to  a r t e m is i a  ke tone  and i t s  a lc o h o l  in  
good y i e l d ,  7 .4 %, The e x t r a c t  o f S.. cham aecyparrisus 
e f f e c t i v e l y  in c o rp o ra te d  a r te m is y l  a lc o h o l  in to  a r t e m is i a  
ketone {6 . 9%) and t r a n s -ch rysan them yl a lc o h o l  { 3 , 5 % ) •
Also o f i n t e r e s t  was th e  a b i l i t y  o f  th e  c e l l - f r e e  system  
to  s y n th e s iz e  la v a n d u lo l  and t r a n s -ch rysan them yl a lc o h o l ,  
n e i t h e r  o f  which has been r e p o r te d  in  th e  Compositae (2 3 ) .
F i n a l l y ,  i t  was no ted  (53) t h a t  g e r a n i o l - [ 2 - ^ C ]  and 
n e r o l - [ 2 - ^ C ]  se rv ed  as  p re c u rs o rs  to  a r t e m is i a  ke tone  in  
i n t a c t  p la n t s  o f  A. ann ua . E x ten s iv e  sc ram bling  of th e  
l a b e l  o c c u rre d ,  w ith  most o f th e  l a b e l ,  6 0 % , lo c a te d  a t  
C-2. C o -o ccu rring  r e g u la r  m onoterpenes, i s o th u jo n e ,  
pinocamphone and b o rn e o l  were b io s y n th e s iz e d  in  a p o s i t i o n -  
s p e c i f i c  manner from th e  C-10 p re c u r s o r s .
Thus, th e  numerous l a b e l l i n g  r e s u l t s  (49-53) r e p o r te d  
f o r  a r t e m is i a  ketone ag reed , s in c e  th e  1^  u n i t  co n ta in ed  
th e  m a jo r i ty  o f th e  l a b e l  when any one o f a number o f  p r e ­
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c u r s o r s  was fe d  to  e i t h e r  whole p la n ts  o r c e l l - f r e e  s y s ­
tem s. However, th e  l a b e l l i n g  p a t t e r n s  of a n o th e r  i r r e g u ­
l a r  m onoterpene, chrysan them ic a c id ,  a re  c o n t r a d ic to r y .
Crowley e t  aL (54) i n v e s t i g a t e d  th e  b io s y n th e s i s  of 
chrysan them ic  a c id  u s in g  b o th  a c e t a t e - [ 2 - ^ C ]  and 
M V A -[2-^C ]. The t e rp e n o id  n a tu r e  o f ch rysan them ic  a c id  
was e s t a b l i s h e d  when th e y  found MVA to  be e f f e c t i v e l y  
(1 .4 $ )  in c o rp o ra te d .  A ce ta te  was in c o rp o ra te d  to  a  l e s s e r  
e x te n t  ( 0 .4 $ ) .  D egradation  showed t h a t  th e  m ethyl groups 
of th e  cy c lo p ro p y l r in g  c o n ta in ed  51$ of th e  t r a c e r  and 
th o se  o f  th e  iso p ro p y lid e n e  group c o n ta in ed  39$. Thus, 
th e y  concluded t h a t  two u n i t s  o f  m evalonic a c id  were 
in c o rp o ra te d  sy m m etr ica l ly  in to  chrysanthem ic a c id .
In  c o n t r a s t  to  th e s e  r e s u l t s ,  P a t te n d e n  and S to r e r  
(55) dem onstra ted  asymmetric in c o rp o r a t io n  o f MVA-4R- 
[4-^H] in to  chrysanthem ic a c id  (F igu re  1 3 ) .  V i r t u a l l y  
a l l  o f  th e  l a b e l  was found in  t h a t  p o r t io n  o f th e  m olecule 
which co rresponded  to  th e  u n la b e l le d  C-5 u n i t  in  a r t e m is ia  
ketone  b io s y n th e t i c  s t u d i e s .  He su g g es ted  (55) t h a t  th e  
C-5 u n i t  l e a d in g  to  th e  cyclopropane p a r t  o f th e  m olecule 
was non-m evalonoid in  o r i g i n .  The p a r t i c i p a t i o n  of 
3 , 3 -d im e th y la c ry l ic  a c id  was in d ic a te d  by p re lim in a ry , 
ev idence t h a t  c i t e d  l e v e l s  o f in c o rp o r a t io n  e q u iv a le n t  to  
MVA.
From th e  ex p e r im e n ta l  work w ith  l a b e l l i n g  p a t t e r n s
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F igure  13. In c o rp o ra t io n  o f MVA in to  chrysanthem ic a c id ,
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i n  te rp e n e s ,  two e x p la n a t io n s  have emerged. One id e a
proposed by th e  B anthorpe group ( I S )  s t a t e d  t h a t  p o o ls  of
m e ta b o l i te s  w i th in  th e  c e l l  were r e s t r i c t e d  by co m p ar t-
m en ta tion . Whereas, a  second e x p la n a t io n  (23) s u g g e s te d
to  ex p la in  asymmetric l a b e l l i n g  in v o lv e d  th e  p a r t i c i p a t i o n
o f leu c in e  in  te rp e n o id  b io s y n t h e s i s .
*
The phenomenon of com partm en ta tion  w ith in  s p e c i a l i z e d  
s t r u c tu r e s  was i n i t i a l l y  d i s c u s s e d  by Rogers e t  a l .  ( 5 6 ). 
They d e sc r ib ed  th e  f a c t o r s  r e g u l a t i n g  te rp en o id  s y n th e s i s  
o f  p h y to s te ro ls  and c a ro te n o id s  i n  c h lo r o p la s t s . Three 
s e p a ra te  compartments were h y p o th e s iz e d  as in f lu e n c in g  
r e g u la t io n  o f b io s y n th e s i s  in  g e rm in a t in g  s e e d l i n g s .  A 
common compartment i n  which a c e t y l  CoA was c o n v e r te d  
in to  mevalonic a c id  and h ig h e r  t e r p e n o id s ,  was d e s c r ib e d  
a s  having a c c e ss  t o  two o th e r  com partm ents, e x t r a - c h l o r o -  
p l a s t i d i c  and c h l o r o p l a s t i d i c . The former compartment was 
th o u g h t to  be th e  s y n th e t i c  s i t e  o f  p h y to s te ro ls  an d  
p e n ta c y c l ic  t r i t e r p e n e s  (C -30), w h i le  the l a t t e r  com part­
ment con ta ined  enzymes to  make c a ro te n o id s  (C-40) and  
p h y to ls  (C-20). The n e c e s s i ty  f o r  com partm entation  was 
r a t i o n a l i z e d  as  fo l lo w s :  d u r in g  g e rm in a tio n , s t e r o l s  a re
needed fo r  fo rm a tio n  o f membranes and lam ellae  i n  e x t r a -  
c h lo r o p la s t id ic  s t r u c t u r e s .  M evalonic, ac id  i s  fo rm ed  from 
endogenous food  re so u rc e s  and i s  p reven ted  from e n t e r in g  
th e  immature c h lo r o p la s t  to  form  unnecessa ry  p ig m e n ts .
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Once above ground, th e  s e e d l in g  r a p i d l y  d ev e lo p s  c h lo r o -  
p l a s t s  w hich r e s t r i c t  m evalonic  a c i d  formed w i th in  from  
carbon  d io x id e  f i x a t i o n  to  th e  s y n t h e s i s  o f  c h l o r o p l a s t  
t e r p e n o id s .
The m onoterpenes o f  p la n t s  o f  th e  Compositae f a m i ly ,  
w i th  th e  e x c e p t io n  o f  th e  C ic h o r ie a e ,  a re  s y n th e s iz e d  in  
s p e c i a l i z e d  s t r u c t u r e s  (57)* S to ra g e  o f m onoterpenes in  
th e  P inus sp e c ie s  o c c u rs  in  l e a f  o r  wood r e s i n  d u c t s .  In  
r o s e s  and <3. c i n e r a r i a e f o l i u m . t h e  s i t e  of s y n th e s i s  and 
s to r a g e  has been shown to  be th e  f lo w e r  h ead . I t  has been 
p roposed  ( 58 ) t h a t  i n  some s p e c i e s ,  te rp e n e  s y n th e s i s  may 
occu r  in  th e  p l a s t i d s .
The n a tu re  o f t h e  s e c r e t o r y  s t r u c t u r e  h as  r e c e iv e d  
c o n s id e ra b le  a t t e n t i o n  from  p l a n t  p h y s i o l o g i s t s .  The o i l  
g lan d s  o f  Mentha p i p e r a t a  were examined by  l i g h t  and e l e c ­
t r o n  m icroscopy and were found t o  be m u l t i c e l l u l a r  m o d if ie d  
ep id e rm a l h a i r s  (5 9 ) .  The h a i r s  o r i g i n a t e  from  a s i n g l e  
c e l l  and envelope a  g lo b u la r  head  on a s t a l k .  The o i l  
g lan d  can  be d e s c r ib e d  as  a bag o f  r e l a t e d  enzymes w i th  
a s s o c i a t e d  s to ra g e  sp ac e  which h a s  l im i te d  c o n ta c t  w i th  th e  
sy s tem ic  c i r c u l a t i o n  o f  th e  p l a n t .  The s t a l k  c e l l  w a l l  
ap p eared  h e a v i ly  c u t i n i z e d  w h ile  t h e  membrane o f th e  b u lb  
was f r a g i l e  and e a s i l y  b u r s t  t o  r e l e a s e  s t o r e d  components.
B anthorpe et^ a l-  (IB ) a p p l i e d  th e  id e a s  o f  com part­
m e n ta t io n  to  e x p la in  asym m etric  m onoterpene l a b e l l i n g .
The maintenance o f  s e p a ra te  pools  by s e l e c t i v e  membrane 
p e rm e a b i l i ty  as in  c a ro ten o id s  was ru le d  out by e x p e r i ­
m ental r e s u l t s  c i t e d  e a r l i e r  in  which g e r a n io l  was found 
to  be asy m m etr ica lly  l a b e l l e d  by a c e l l - f r e e  system  
(Page 14 ). In s te a d ,  th e y  proposed t h a t  s e g re g a t io n  of 
s y n th e t ic  u n i t s  i s  accom plished by p ro te in -bound  pools 
(F igure  14). Pool A i s  d e sc r ib e d  as be ing  f r e e  and 
s p a r s e ly  f i l l e d  w hile  Pool B i s  e s s e n t i a l l y  i r r e v e r s i b l y  
p ro te in -bound  and l a r g e r  than  Pool A. More r a p id  s y n th e s is  
a n d /o r  extended in cu b a tio n  p e r io d s  a llow  both  pools to  
in c o rp o ra te  p re c u rso r .  An example of t h i s  c o n d it io n  would 
be th e  appearance of 9&f° of th e  l a b e l  in  th e  D u n i t  of th e  
i s o l a t e d  monoterpene from a p la n t  m ain ta ined  on carbon 
d io x id e - [ ^ C ]  (Page 1 4 ) .  I t  i s  concluded t h a t  s im i l a r  
pools a re  l i k e l y  to  e x i s t  f o r  h ig h e r  te rp e n e s  bu t t h a t  th e  
in d ic a t io n s  of asymmetric l a b e l l i n g  seen in  monoterpene 
b io s y n th e s is  would be obscured by r e l a t i v e l y  h igh r a t e s  of 
s y n th e s is  common f o r  h ig h e r  te rp e n e s .
The second su g g es tio n  by Suga (23) was t h a t  th e  amino 
a c id s  le u c in e  and v a l in e  e n te r  te rp e n o id  b io s y n th e s is  v ia  
a  d i r e c t  conversion  to  an MVA m e ta b o l i te ,  DMAPP (F igure  6 ) .  
However, such a d i r e c t  conversion  i s  u n l ik e ly  in  view o f 
o th e r  r e p o r t s  concerning th e  involvement of le u c in e  in  
te rp en e  b io s y n th e s is .
Coon e t  ad, (SO, S i)  in v e s t ig a te d  th e  m etabo lic  f a t e  of
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F igure  14* Pools involved in  asymmetric l a b e l l i n g .
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b ra n c h e d -c h a in  amino a c id s  such  a s :  l e u c i n e ,  i s o l e u c in e
and v a l i n e .  They c o n s id e re d  th e s e  compounds im p o r ta n t  i n  
co m p le tin g  th e  p i c t u r e  o f  n a t u r a l  p ro d u c t b i o s y n t h e s i s .  
F ig u re  15 sum m arizes th e  c o n v e rs io n  o f l e u c in e  t o  hydroxy- 
m e th y lg lu ta r y l  CoA (HMG CoA). I t  was f u r t h e r  shown t h a t  
an  enzyme p u r i f i e d  from  p ig  h e a r t  c a ta ly z e d  th e  c leav ag e  
o f  HMG CoA to  a c e t o a c e t a t e  and a c e t a t e  {F igure  1 6 ) .  I t  
sh o u ld  be n o ted  t h a t  th e  ca rb o n  in t ro d u c e d  by th e  b i o t i n  
dependent c a r b o x y la t io n  s t e p  i n  F ig u re  15 becomes a com­
ponent o f  a c e t o a c e t a t e .  A lso , i f  HMG CoA was co n v e r ted  
t o  MVA and  on t o  IPP t h i s  new ca rbon  would be l o s t  a s  
ca rbon  d io x id e .  I t  has been  s u g g e s te d  (32) t h a t  random i­
z a t io n  o f  carbons co u ld  occu r  by  known r e a c t i o n s  a f t e r  
c le a v ag e  o f  HMG CoA by  s im p le  re c o m b in a t io n  o f  th e  two 
compounds. The second m olecu le  o f  HMG CoA w i l l  lo se  
a c e t a t e  C - l  upon c o n v e rs io n  t o  IPP t h a t  now c o n ta in s  th e  
m olecu le  o f carbon  d io x id e  in t ro d u c e d  by b i o t i n  a t  C - l .
The im portance  o f  t h i s  l e u c in e  pathway in  te rp e h e  
b i o s y n th e s i s  i s  obvious i n  some o f  th e  e a r l i e r  work w i th  
c a r o te n o id s .  L eucine was found  to  s t i m u l a t e  c a ro te n o g e -  
n e s i s  i n  th e  mold Phvcomvces b la k e s le e a n u s  (S3) and i t s  
p re se n ce  was n e c e s s a ry  f o r  ca rbon  d i o x i d e - [ ^ C ]  to  be 
f i x e d  i n t o  p -c a ro te n e  (34 , ^5) "by th e  same organ ism . A 
c e l l - f r e e  sy s tem , p re p a re d  from  P_. b la k e s le e a n u s  (37) 
in c o r p o r a te d  a c e t a t e ,  HMG and m evalon ic  a c i d  in to
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F ig u re  15 . C onversion  o f  le u c in e  to  HMG CoA.
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F ig u re  1 6 . C onversion  o f  HMG CoA to  IPP.
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p - c a r o t e n e .
The r e p o r t s  o f l a b e l l i n g  p a t t e r n s  i n  c a ro te n e s  w i th  
l e u c in e  s u p p l ie d  a s  a r a d i o a c t i v e  s u b s t r a t e  f u r t h e r  su b ­
s t a n t i a t e  th e  p a r t i c i p a t i o n  o f  t h i s  amino a c i d .  Only C-4 
of le u c in e  was in c o rp o r a te d  i n  s u f f i c i e n t  q u a n t i t y  to  be 
i s o l a t e d  from  each  is o p re n e  u n i t  o f  c a ro te n e  i n  
P. b la k e s le e a n u s  (8 6 ) ,  (F ig u re  1 7 ) .  I t  was concluded  t h a t  
le u c in e  p ro v id ed  an  "iso-C ^ frag m en t i n  which th e  4-C i s  
c e n t r a l l y  l o c a t e d " .  This l a t e r  o b s e rv a t io n  a g re e s  w ith  
th e  fo rm a tio n  o f  a c e t o a c e t a t e  from  th e  second h a l f  o f  th e  
l e u c in e  m olecu le  and f i x e d  ca rbon  d io x id e  a s  i n  F ig u re  16. 
The in c o r p o r a t io n  o f  C-2 was t o  a l e s s e r  e x t e n t  th ah  C-4 
b u t s h a re d  th e  same d i s t r i b u t i o n  p a t t e r n .
More e x te n s iv e  work by  th e  same group  (85) d e t a i l e d  
th e  f a t e  o f  each carbon  from  le u c in e .  A c e to a c e ta te  
c lea v ed  from  HMG CoA was r e c y c le d  to  MVA a f t e r  a t t a i n i n g  
e q u i l ib r iu m  w i th  an  a c t i v e  a c e t o a c e t a t e  p o o l .  Thus, i n  
th e  c a r o te n o id s ,  c o n s id e ra b le  sc ra m b lin g  o f l e u c in e  ca rbons  
occu rs  b e fo re  i n c o r p o r a t io n  i n t o  t e rp e n o id s  a s  m evalonoid 
compounds.
A s i m i l a r  s i t u a t i o n  e x i s t s  i n  l e u c in e  m etabolism  i n  
th e  mold A s p e r g i l lu s  am ste lodam i (8 8 ) .  F eed ing  e x p e r i ­
ments w i th  90% e n r ic h e d  (4 * t ) - le u c in e - [ 5 - ^ 0 3  r e s u l t e d  in  
p r e f e r e n t i a l  in c o r p o r a t io n  o f  th e  e n r ic h e d  ca rbon  in to  th e  
C-5 i s o p re n o id  m o ie t ie s  o f  e c h in u l in e  (F ig u re  1 8 ) .  The
^CAROTENE
F igure . 17* l a b e l l i n g  p a t t e r n  in  [3-c a ro te n e  from 
L -  leuc ine  -  [ 4 1 .
4-R-LEUCINE-[5-,3C]
i Aspergill usomstelodqmi 
0
Echinuline * 5*3C
V
F ig u re  1&. L a b e l l in g  p a t t e r n  i n  e c h in u l in e .
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en rich m en t p a t t e r n  i s  e x p la in e d  in  te rm s o f  th e  same 
l e u c in e  pathway d em o n s tra ted  in  th e  c a r o te n o id s .
I I .  EXPERIMENTAL
M a te r ia ls  and Methods. A l l  s o lv e n ts  were re a g e n t  
o r a b e t t e r  g rade  and wer.e d r ie d  over 4 A m o lecu la r  
s i e v e s .  N uclear m agnetic  re so nan ce  (PMR) s p e c t r a  
were perform ed on V arian  A-60, V arian  HA-100 o r 
Bruker WP-200 sp e c tro m e te rs  w i th  10$ sam ples in  deu- 
te ro c h lo ro fo rm  and t e t r a m e th y l s i l a n e  a s  i n t e r n a l  s t a n ­
dard  (6=0 ppm). In  ca se s  where deu te r iu m  oxide was 
th e  s o lv e n t ,  a t e t r a m e th y l s i l a n e - c a r b o n  t e t r a c h l o r i d e  
sample was used as  e x te r n a l  r e f e r e n c e .  I n f r a r e d  
re c o rd in g s  (IR) were o b ta in ed  e i t h e r  n e a t  o r  i n  carbon 
t e t r a c h l o r i d e  as  s o lv e n t  on a P erk in -E lm er I n f r a c o r d .
Mr. Ralph Seab of th e  LSU C hem istry  Department performed 
e lem en ta l  a n a ly se s  on samples t h a t  were d r i e d  over phos­
phorus pen tox ide  under vacuum. M elting  p o in ts  were 
measured w i th  a Hoover-Thomas M elt-tem p c a p i l l a r y  
m e l t in g  p o in t  a p p a ra tu s  and a r e  u n c o r re c te d .  Mass sp e c ­
t r a  (MS) were conducted  on a H ew le tt-P ack ard  59^5 
Quadrapole Mass S p ec tro m ete r  by Mr. Don P a t t e r s o n  o f th e  
LSU C hem istry  D epartm ent.
S i l i c a  g e l  7GF f o r  t h i n  l a y e r  chrom atography (TLC) 
was purchased  from  Supelco , In c .  P r e p a ra t iv e  chromato­
graphy (ThLC) was c a r r i e d  out on a 500 m icron l a y e r  of 
s i l i c a  g e l  sp rea d  on 20 x 20 cm g la s s  p l a t e  developed 
once w ith  th e  s t i p u l a t e d  s o lv e n t .  A n a ly t i c a l  TLC s e p a ra -
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t i o n s  were done on p re c o a te d  p l a t e s  from  Quantum/Gram. 
Bands o r  s p o t s  were v i s u a l i z e d  under UV l i g h t  o r  by 
s t a i n i n g  w i th  io d in e  v ap o r .
R a d io a c t iv e  s u p p l ie s  were pu rchased  from ICN o r 
New England N u c lea r .  A c o c k t a i l  f o r  co u n tin g  r a d i o a c ­
t i v e  sam ples was p re p a re d  by d i s s o lv in g  2 , 5-h ip h e n y lo x a -  
z o le  (4 g) and l , 4 - b i s - [ 2- ( 4 -n ie th y l -5- p h e n y lo x a z o ly l ) ] -  
benzene (75 g) i n  s c i n t i l l a t i o n - g r a d e  to lu e n e  (1 L ). 
Quenching c o r r e c t io n s  f o r  chem ica l d e r i v a t i v e s  were made 
by s e t t i n g  up a s ta n d a rd  cu rve  f o r  each  d e r i v a t i v e .
Gas l i q u i d  ch ro m ato g rap h ic  (GLC) a n a ly s e s  were p e r ­
formed on a P erk in -E lm er 990 equipped  w i th  f l a m e - io n iz a ­
t i o n  d e t e c t o r ;  f o r  p r e p a r a t iv e  work, t h e  in s t ru m e n t  was 
m o d if ied  by  i n s t a l l i n g  a  50 :1  e f f l u e n t  s p l i t t e r .  The 
GLC was l in k e d  to  a P e rk in -E lm er  R ecorder,- Model 56, 
and an I n f o t r o n i c s  A utom atic D i g i t a l  In te g ra to r - ,  Model 
CRS-208. A s i n g l e  column (64 mm x 3 m s t a i n l e s s  s t e e l  
column, 30% Carbowax on Chromosorb P, AW, 60/80  mesh) 
was p re p a re d  and used f o r  b o th  a n a l y t i c a l  and p re p a ra ­
t i v e  p u rp o se s .  The m a jo r i t y  o f  a n a ly s e s  were c a r r i e d  ou t 
a t  130 o r  145°C w ith  n i t r o g e n  a s  c a r r i e r  gas and optimum 
flo w  r a t e  of 33*3 m l/m in u te . Samples were i d e n t i f i e d  by 
com parison of r e t e n t i o n  t im e s  ( t ^ )  w i th  known s ta n d a rd s  
o r  by c o l l e c t i o n  and in s t r u m e n ta l  a n a ly s i s  o f th e  sam ple. 
S e m i - q u a n t i ta t iv e  ex am in a tio n s  o f  m ix tu re  components 
were made by  comparing r e t e n t i o n  volumes (V ,) a s  a p e r -
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c e n ta g e  o f  th e  t o t a l  m ix tu re .
The. GLC c o l l e c t i o n  a p p a ra tu s  was d es ig n ed  w i th  th e  
a i d  o f Ms. Roxanne Dikeman, and c o n s i s te d  o f a U tu b e ,
5 cm on a s i d e ,  o f  s o f t  3 mm g la s s  connected  to  th e  
e f f l u e n t  s p l i t t e r  p o r t  by means o f a t e f l o n  s l e e v e .
T h is  c o l l e c t o r  co u ld  be coo led  t o  ( - 7S°C) in  a Dewar 
c o n ta in in g  d ry  i c e  and a c e to n e .  The e f f i c i e n c y  (25 -  
50%)  o f t h i s  method v a r ie d  w i th  sample v o l a t i l i t y .  
C o l le c t io n  o f  peaks a s  c lo s e  a s  3 m inu tes  in  t ^  was 
p o s s ib le  w i th o u t  s i g n i f i c a n t  c o n ta m in a t io n .
S y n th e s is  and R e a c t io n s  o f  A r te m is ia  Ketone
SYNTHESIS OF 3-METHYL-2-BUTEN0L.1 (6 0 ) .  Under a 
n i t r o g e n  a tm o sp h e re , a s o l u t i o n  of sodium b i s ( 2-m ethoxy- 
ethoxy)alum inum  h y d r id e  (7C$, Red-A l, 32 mL) was added 
v ia  a c o n s t a n t - p r e s s u r e  a d d i t i o n  f u n n e l  to  3 , 3 -d im e th y l-  
a c r y l i c  a c id  (7 g , 70 mmol) d i s s o lv e d  in  benzene (150 mL). 
When a d d i t i o n  was com ple te , th e  v is c o u s  s o l u t io n  was 
r e f lu x e d  f o r  two h o u rs  fo l lo w e d  by s t i r r i n g  a t  room 
te m p e ra tu re  o v e r n ig h t .  S a tu r a te d  ammonium c h lo r id e  
(30 mL) was added s lo w ly  w h ile  c o o l in g .  A g ra n u la r  
w h ite  p r e c i p i t a t e  r e s u l t e d ,  from  which th e  benzene was
v
e a s i l y  d e c a n te d .  The p r e c i p i t a t e  was washed w i th  e th e r  
(100 mL). The combined o rg a n ic  s o lv e n t  was e x t r a c te d  
w i th  w a te r  (100 mL) fo llo w ed  by s a t u r a t e d  sodium c h lo r id e  
( u n t i l  th e  washes were n e u t r a l ) ,  d r i e d  over sodium s u l f a t e
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and d i s t i l l e d  t o  g ive  3“1Iie fH y l-2- b u t e n o l : 6 g ( 56$ ) ;  
bp 62°C (30 mm); [ l i t  bp 52°C (10 mm)]; PMR 5 2 .0  (d , 
(CH3 )2 , J=4 Hz, 6H), 2 .9  ( s ,  OH, 1H), 4 .1  (d, CH2 ,
J=7 Hz, 2H), 5 .4  (b r  t ,  C=CH,,J=7 Hz).
SYNTHESIS OF 1-BR0M0-3-METHYL-2-BUTENEJM 61 ). 
3 -M e th y l-2 -b u te n o l  ( 1 .0  g, 13 mmol) was d i s s o lv e d  in  
carbon te t ra b ro m id e  (S . 6 g , 26 mmol) and anhydrous e th e r  
(25 mL) under n i t r o g e n .  T ripheny lphosph ine  (6 .3  g ,
26 mmol) was added and th e  m ix tu re  r e f lu x e d  f o r  1 hour. 
A f te r  c o o l in g ,  th e  e th e r  was decan ted  from  th e  r e s id u e  
of t r ip h e n y lp h o s p h in e  oxide in to  p e tro leum  e th e r  t o  allow  
f u r t h e r  p r e c i p i t a t i o n  of th e  o x id e .  F i l t r a t i o n  and 
rem oval of th e  s o lv e n t  y ie ld e d  a pa le  yellow  o i l  t h a t  
r a p i d l y  darkened on exposure to  a i r :  1 .4  g (74$) bp
129 -  133d°C [ l i t  bp 130 -  133d°C]; PMR 6 1 .67  (d,
(CH3 )2 , J=2 Hz , 6H), 3 .9 0  (d, CH2 , J=3.5 Hz, 2H), 5*45 
(b r  t ,  C=CH, J=3.5  Hz, 1H).
SYNTHESIS OF 3-METHYL-2-BUTENALJi (6 2 ) .  Chromium 
t r i o x i d e  (7 .2  g , 72 mmol) was added to  a s t i r r e d  d ic h lo -  
romethane (175 mL) s o l u t io n  of p y r id in e  (11 .4  g,
144 mmol). The f l a s k  was equipped w ith  a  calc ium  c h lo r id e  
d ry in g  tu be  and s t i r r e d  f o r  15 m inu tes , th e n  3 -m ethy l-
2-b u te n o l  (1 g, 12 mmol) i n  d ich lo rom ethane  (15 mL) was 
added. A f te r  s t i r r i n g  f o r  a n o th e r  15 m in u te s , th e  s o lv e n t
was d e c a n te d  and th e  t a r r y  p r e c i p i t a t e  was washed w i th  
e t h e r  (200 mL). The combined o rg a n ic  s o lv e n t  was washed 
w i th  5$  sodium hy d rox ide  (3 x  100 mL), 5$ h y d ro c h lo r ic  
a c id  (100 mL ), 5$ sodium b ic a r b o n a te  (100 mL), and 
s a t u r a t e d  aqueous sodium c h l o r i d e .  A f te r  d ry in g  over 
anhydrous sodium s u l f a t e ,  th e  s o lv e n t  was c o n c e n t ra te d  
to  g iv e  3 - m e th y l -2- b u t e n a l :  1 g (70$) bp 50 -  53°C
(50 mm) [ l i t  bp 133°C (730 mm)]; PMR 6 2 .1  (d , Meg,
J  =11.5 Hz, 6H), 5 .9  (d ,  C=CH, J*g Hz, 1H), 1 0 .1  (d ,  CH0, 
J=3 Hz, 1H).
SYNTHESIS OF ARTEMISIA ALCOHOL J .  ( 6 3 ). Zinc (100 g
20 mesh) was a c t i v a t e d  by w ash ing  s e q u e n t i a l l y  w i th  th e
fo l lo w in g  r e a g e n ts  (50 mL e a c h ) :  2$ h y d ro c h lo r ic  a c id ,
w a te r ,  95$ e th a n o l ,  ace 'tone and anhydrous e t h e r .  A f te r
od ry in g  in  vacuo a t  100 C, z in c  was poured in to  a column 
w i th  t e t r a h y d r o f u r a n  (25 mL) and b ro u g h t to  r e f l u x  
te m p e ra tu re  v i a  an  e x t e r n a l  h e a t in g  t a p e .  A s o l u t i o n  of 
3 -m e th y l -2- b u te n a l  (34 mg, 1 mmol) and 1-bromo- 3 -m e th y l-
2-b u te n e  (223 mg, 1 .5  mmol) i n  t e t r a h y d r o f u r a n  (25 mL) 
was s lo w ly  d r ip p e d  th ro u g h  th e  column. A f te r  f l u s h in g  
th e  column w ith  a d d i t i o n a l  s o lv e n t  (25 mL), th e  e lu a n t  
was d i l u t e d  w i th  e th e r  (59 mL). The o rg a n ic  phase was 
washed s e q u e n t i a l l y  w i th  i c e - c o l d  5$ s u l f u r i c  a c id ,
5$  sodium b ic a rb o n a te  and s a t u r a t e d  aqueous sodium 
c h lo r id e  (100 mL e a c h ) .  The s o lv e n t  was c o n c e n t ra te d
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t o  g iv e  a f r a g r a n t  y e llo w  o i l :  152 mg ( 99$ ) ;  bp 194 -
196°C [ l i t  bp 196°C]; PMR i s  l i s t e d  in  Table 4*
OXIDATION OF ARTEMISIA ALCOHOL TO ARTEMISIA KETONE 
METHOD A. CHROMIUM TRIOXIDE -  PYRIDINE. The crude o i l  
(5 g) of th e  R eform atsky  r e a c t i o n  was o x id iz e d  w i th  
chromium t r i o x i d e  in  p y r id in e  a s  d e s c r ib e d  above . A f te r  
workup and rem oval o f s o lv e n t ,  GLC showed a r t e m i s i a  
k e to n e J 5 t o  be a minor component ( 29$ ) o f th e  m ix tu re .
A second component (55$) w i th  lo n g e r  t ^  (GLC) was s e p a ­
r a t e d  by a  s i l i c a  g e l  column e lu t e d  w ith  p e tro leu m  
e t h e r : e t h e r  ( 9 : 1 ) and i d e n t i f i e d  as  2 , 5 , 5- t r i m e t h y l - 3 , -  
6 - h e p t a d i e n - 2 - o l ^ .  PMRs o f and 6 , a r e  l i s t e d  i n  
Table  4 .
METHOD B. PYRIDINlUifUHLOROCHROMTE (6 4 ) .  Chromium 
t r i o x i d e  (45 g , 450 mmol) was r a p i d l y  added to  6 M h y d ro ­
c h lo r i c  a c id  (^2 mL) w i th  s t i r r i n g .  P y r id in e  (36 mL,
450 mmol) was added over 10 m inu tes  w h ile  m a in ta in in g  th e  
r e a c t i o n  te m p e ra tu re  a t  0°C. The r e a c t i o n  was s t i r r e d  f o r  
an  a d d i t i o n a l  15 m in u te s ,  th e n  th e  c r y s t a l s  were f i l t e r e d  
on a s i n t e r e d  g la s s  fu n n e l .  The c r y s t a l s  were d r i e d  
in  vacuo a t  50°C f o r  3 hours  t o  g iv e  31 g (52$) o f pure 
p y r id in iu m  ch lo ro ch ro rn a te . A r te m is ia  a lc o h o l  (1 .7  g,
10 mmol) was t r e a t e d  w i th  p y r id in iu m  ch lo roch rom ate  
(2 g, 15 mmol) and sodium a c e t a t e  (237 mg, 3 mmol) in
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dich lorom ethane (10 mL). A f te r  s t i r r i n g  a t  25°C f o r  2 
h o u rs ,  th e  so lv e n t  was decanted  from th e  b lack  d e p o s i t  
and p u r i f i e d  th rough  a F l o r i s i l  (60 /30  mesh) column.
A f te r  c o n c e n tra t io n  of th e  m ix tu re , GLC a n a ly s i s  of th e  
crude r e a c t io n  m ix tu re  showed Jj. had isom erized  ( 90$) to ,J j .
METHOD C. ‘MANGANESE DIOXIDE OXIDATION (65 ) . An 
aqueous s o lu t io n  of manganese s u l f a t e  was s t i r r e d  and 
h ea ted  to  90°C. C oncentra ted  aqueous potassium  perman­
ganate  was s low ly  added u n t i l  a s l i g h t  pink c o lo ra t io n  
was ev id e n t  when s p o t te d  on f i l t e r  paper. Manganese 
dioxide- was f i l t e r e d  and washed w ith  a d d i t io n a l  ho t w a te r .  
The f i l t e r  cake was d r ie d  a t  120°C f o r  4 hours , w ith  occa­
s io n a l  g r in d in g  to  f a c i l i t a t e  d ry in g .
The a lc o h o l j4  (700 mg, 4 .5  mmol) was s t i r r e d  w ith  th e  
f r e s h l y  p repared  manganese d io x id e  (7 g, 70 mmol) in  
d ich lorom ethane (50 mL) f o r  4 h o u rs . The m ixture was then  
f i l t e r e d  w ith  th e  a id  of a C elite- pad. GLC a n a ly s i s
showed a r te m is ia  ketone 5 (13$, t_  14 .2  m inu te s) , 6 ( 23$,
—  Jx —“
t ^  1 9 .7  m inutes) and th e  major peak, 3-m e th y l-2-b u te n a l  
(47$, t ^  10 m in u te s ) .
SYNTHESIS OF 5 , 6-DIHYDRO ARTEMIS A KETONE JX (H O ). 
L ith ium  m eta l (14 g, 2 mmol) was p laced  in  a th ree -n eck e d , 
round-bottom ed f l a s k  equipped w ith  an a d d i t io n  fu n n e l ,  a 
Dewar condenser f i l l e d  w ith  d ry  ic e  and ace to n e , and a
I
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g la s s -c o v e re d  s t i r r i n g  b a r .  A f te r  f lu s h in g  w ith  a rgon , 
th e  a p p a ra tu s  was cooled to  -75°C, th e n  d ry  (KOH p e l l e t s )  
ammonia (100 mL) was in tro d u ced . A rtem isia  ketone 
(100 mg, 0.66 mmol) in  e th e r  (10 mL) was added to  th e  
b r ig h t  b lue  s o lu t io n  and th e  m ixture was s t i r r e d  f o r  30 
m inu tes . Excess l i th iu m  was quenched w ith  s a tu r a te d  
ammonium c h lo r id e .  The r e a c t io n  was allow ed to  warm to  
25°C and excess ammonia evap o ra ted . Water (10 mL) was 
added to  the  r e s id u a l  o i l ,  th en  th e  s o lu t io n  was e x t r a c te d  
w ith  e th e r ,  washed w ith  s a tu r a te d  sodium c h lo r id e  u n t i l  
n e u t r a l  and d r ie d  over anhydrous sodium s u l f a t e .  GLC 
a n a ly s i s  showed two major components: 5 , 6- d ih y d r o a r te -
m is ia  ketone 7 , (tjj 3.15 m inutes) and 5 , 6-d ih y d ro a r te m is ia  
a lc o h o l  3 ( t p 14 .4  m in u te s ) ;  PMRs of 7 and 3 a re  l i s t e d
W W  XL 'S -V
in  Table 4.
Routes to  R ad io ac tiv e  3-M ethy lbu tanal
1,4-GRIGNARD WITH CUPROUS CHLORIDE (68 ). M ethyl- 
magnesium bromide (55 mL, 3 M /e ther , 0.15 mol) was cooled 
to  -5°C, then  cro tonaldehyde (4 .1  mL, 50 mmol) in  anhy­
drous e th e r  (75 mL) was added. Cuprous c h lo r id e  (175 mg, 
1 .8  mmol), p repared  by th e  Gocmen procedure (6 9 ) ,  was 
added in  sm all a l iq u o t s  over 1 .5  h o u rs .  A f te r  th e  a d d i ­
t i o n  was com plete, th e  deep green m ix ture  was s t i r r e d  f o r  
an a d d i t i o n a l  30 m inu tes . The m ix tu re  was hydro lyzed  by 
a d d i t io n  of 5% h y d ro c h lo r ic  a c id  and i c e .  The e th e r
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la y e r  was s e p a ra te d ,  washed s e q u e n t i a l l y  w ith  s a tu r a te d  
sodium b ic a rb o n a te  (50 mL), w a te r  (100 mL) and d i s t i l l e d  
to  give t h r e e  f r a c t i o n s .  The m ajor f r a c t i o n  gave 3-p e n -  
t e n - 2- o l  3 .1  g (72#); bp 115 -  119°e [ l i t  bp 119 -  
121°C ]; PMR 6 1 .17  ( d ,  CH3 CH=CH, J=6.5  Hz, 3H), 1 .60  
(d , CH3CH0H, J=5 Hz, 3H), 2 .5  ( s ,  OH, 1H), 4*17 (q , CHOH,
J=5 Hz, 1H), 5-4 -  5 .7  (m, CH=CH, 2H).
1 ,4 - GRIGNARD WITH N-t-BUTYLCROTONIMINE JLO (7 0 ) . To 
t.-butylaraine (5 .2  mL, 50 mmol) cooled  to  -5°C under 
n i t ro g e n ,  c ro tona ldehyde  (4 .1  mL, 50 mmol) was added over 
30 m inutes , fo llo w ed  by s t i r r i n g  a t  25°C f o r  12 hours . 
Potassium  ca rb o n a te  was added g iv in g  r i s e  to  a t h i c k  go ld  
c o l lo id :  1 .5  g (75#); bp 129°C [ l i t  ( 6 6 ) bp 129 -  130°C];N
PMR 6 1 .1  ( s ,  Me3 , 9H), 1 .35  (d , CH3 , J=5 Hz, 3H), 6 .1
(m, CH=CH, 2H), 7 .7  (d, CH=N, J=7 Hz, 1H).
To methylmagnesium bromide (20 mL, 60 mmol) under 
n i t ro g e n ,  10 in  e th e r  (20 mL) was s low ly  added over 45 
m inu tes . A f te r  s t i r r i n g  f o r  12 h o u rs ,  a b u f f - c o lo r e d  
p r e c i p i t a t e  was v i s i b l e .  The r e a c t i o n  m ix tu re  was added 
to  a v ig o ro u s ly  s t i r r e d  s o lu t io n  o f ammonium c h lo r id e  
and i c e .  The e th e r  phase was s e p a ra te d  and washed w ith  
potassium  ca rb o n a te  and w a te r .  The b r ig h t  orange 
o rgan ic  phase was ana lyzed  (GLC) to  show 3-m e th y lb u tan a l  
as  a minor (3#) component. P re p a ra t iv e  GLC methods were 
unable to  s e p a ra te  th e  d e s i r e d  p roduct from c lo s e ly
5 6
e l u t i n g  components.
ATTEMPTED y-HYDROGEN EXCHANGE ON ETHYL 3-METHYL-2- 
BUTENOATE 11. 1 1  was p rep a red  by s t i r r i n g  3 , 3 -d im e th y l -
a c r y l i c  a c id  (5 g 3 50 mmol) w i th  c o n c e n t r a te d  s u l f u r i c  
a c id  (5 mL) in  e th a n o l  {20 mL) f o r  12 h o u rs .  An e q u a l  
volume o f  w a te r  was added , fo l lo w e d  by e x t r a c t i o n  w i th  
e th e r .  The e th e r  phase was washed w i th  aqueous sodium 
b ic a r b o n a te ,  d r i e d  over anhydrous sodium  s u l f a t e ,  and 
d i s t i l l e d  t o  g iv e  th e  e s t e r  1 1 :  4 mL ( 6 2 ^ ) ;  bp 154* —
1 5 5 ° c  [ l i t  ( 6 7 ) bp 1 5 6 ° c ] ;  PMR 6 1 . 2 5  ( t ,  CH^CHg, J=7 Hz, 
3H), 2 .0 0  (d , Me2 , J= l6  Hz, 6H), 4*. 14 (q , CH2 , J=7 Hz,
2H), 5 .6S  (m, CH, 1H).
The fo l lo w in g  c a t a l y s t s  were used  u n s u c c e s s f u l ly  in  
a v a r i e t y  o f  c o n d i t io n s  t o  i n i t i a t e  exchange o f th e  
y -hydrogen  w i th  d eu te r iu m  o x id e :  t r i e t h y l a m i n e , p o ta ss iu m
c a rb o n a te ,  5Qfo s u l f u r i c  a c id ,  sodium m e ta l  and p o ta ss iu m  
h y d ro x id e .
y-HYDROGEN EXCHANGE WITH 3 -M e th y l -2 -b u te n a l  % 
was p re p a re d  a s  above and s u b je c te d  t o  s i m i l a r  c o n d i t io n s  
in  a t te m p ts  t o  d e u t e r a t e  th e  y - p o s i t i o n .  However, no 
exchange was d e te c te d  by i n t e g r a t i o n  o f  PMR s p e c t r a .
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3-METHYLBUTANOIC ACID 12. 3 -M e th y lb u tan o ic  a c id  was 
p rep a red  a c c o rd in g  to  method d e s c r ib e d  by W illiam s and 
O tt  (7 1 ) .  l-B rom o-2-m ethy lp ropane  was d i s t i l l e d  from 
calc ium  c h lo r id e  on to  m o le c u la r  s i e v e s  b e fo re  u se .  Mag­
nesium t u r n in g s  (£40 mg, 35 mmol) were covered  w i th  an h y ­
drous e t h e r  (5 mL), th e n  1 -b rom o-2-m ethy lp ropane  (3*6 mL, 
35 mmol) i n  e t h e r  (150 mL) was s lo w ly  added. A f te r  th e  
a d d i t io n  was com ple te , th e  r e a c t i o n  was s t i r r e d  a t  25°C 
f o r  one h o u r .
The G rignard  r e a g e n t  was coo led  to  -75°C and th e  
system  was p la c e d  under a s l i g h t  vacuum. Carbon d io x id e -  
[ ^ C ]  was f i r s t  g e n e ra te d ,  v ia  th e  a p p a ra tu s  d es ig n ed  
by Gear and S pencer (7 2 ) ,  by a d d i t i o n  o f  10$ h y d ro c h lo r ic  
a c id  to  barium  c a r b o n a t e - [ ^ C ] . G en e ra t io n  of carbon  
d io x id e  from  barium  c a rb o n a te  ( 1 .15  g> 5*33 mmol) s u r ­
roun d ing  th e  v i a l  fo l lo w ed  and r e q u i r e d  30 m in u te s .  The 
s t i r r e d  r e a c t i o n  m ix tu re  was m a in ta in e d  a t  -70°C to  -50°C 
f o r  a t o t a l  o f  2 h o u rs .  The G rig n a rd  was h y d ro ly zed  w i th  
10$ h y d ro c h lo r ic  a c id  (30 mL) w i th  th e  developm ent o f a 
b r i g h t  y e llo w  c o l o r .  The aqueous l a y e r  was removed and 
th e  rem a in in g  e th e r  l a y e r  was e x t r a c t e d  w i th  10$ sodium 
hydrox ide  (2 x 20 mL). The b a s i c  wash was a c i d i f i e d  w i th  
c o n c e n tra te d  h y d ro c h lo r ic  a c id  and th e n  e x t r a c t e d  w ith  
e th e r  and d r i e d  over anhydrous sodium s u l f a t e .  Removal 
of th e  s o lv e n t  y ie ld e d  3 -m e th y lb u ta n o ic  a c id ;  330 mg 
(64$); bp 93°C (60 mm) [ l i t  ( 6? )  bp 176°C ]; PMR 6 0 .93
(d ,  Me2 , J= 6 .5 ,  6H ), 2 .0 8  -  2 .21  (m, CHCH2 , 3H), 1 1 .0  
( s ,  OH, 1H).
3-METHYL-2-BUTENOIC ACID 13. The G rig n a rd  r e a g e n t  
was g e n e ra te d  in  a manner s i m i l a r  t o  t h a t  d e s c r ib e d  
ab ove . M e th a l ly l  c h lo r id e  (1 4 .2  mL, 138 mmol) was added, 
th e n  r e f lu x e d  f o r  5 h o u rs .  C a rb o n a tio n  p roceeded  over 
th e  same tim e i n t e r v a l  a s  above . E x t r a c t io n  o f th e  hydro 
ly z e d  p ro d u c t w i th  25$ sodium hy d ro x id e  (2 x 100 mL) p ro ­
v ided ' th e  s a l t  o f  3 -m e th y l -2 -b u te n o ic  a c i d .  The p roduc t 
was iso m e riz e d  t o  th e  d e s i r e d  compound by r e f l u x in g  f o r
2 .5  ho u rs  i n  25$ sodium h y d ro x id e  (200 mL). The b a s ic  
s o l u t i o n  was coo led  and a c i d i f i e d  w i th  c o n c e n t r a te d  hydro 
c h l o r i c  a c id ,  fo l lo w e d  by e x t r a c t i o n  w i th  e t h e r .  The 
e t h e r  l a y e r  was d r i e d  w i th  anhydrous sodium s u l f a t e  and 
c o n c e n t r a te d  to  a f f o r d  3 - m e th y l -2-b u te n o ic  a c id :  320 mg
(1 4 $ ) ,  mp 68 -  69°C [ l i t  mp 68.5  -  69 .5°C ]; PMR 5 2 .07  (d, 
Me2 , J = 1 4 .5 Hz, 6H), 5 .6 9  (m, CH, 1H), 12 .22  ( s ,  OH, 1H).
S y n th e s is  o f  Thiamine Compounds
SYNTHESIS OF 2 - ( 1 -HYDROXY-3-METHYLBUTYL)THIAMINE 
CHLORIDE HYDROCHLORIDE 16 (7 3 ) .  Thiamine c h lo r id e  hydro ­
c h lo r id e  (4 g, 1 1 .9  mmol) was added to  a b s o lu te  e th a n o l  
(120 mL), fo llo w ed  by a d d i t i o n  o f  3 -m e th y lb u ta n a l  ( 1 .6  g, 
14 mmol). A f te r  s t i r r i n g  a t  -4  C °fo r 30 m in u te s ,  sodium 
e th o x id e  p re p a re d  from  sodium (543 nig, 2 3 .6  mmol) i n
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e th a n o l  (30 mL) was s lo w ly  added . The opaque y e llo w  
s o l u t i o n  was s t i r r e d  f o r  5 h o u rs ,  th e n  a c i d i f i e d  t o  pH 3 
by hydrogen c h lo r id e  gas g e n e ra te d  from  sodium c h lo r id e  
and s u l f u r i c  a c i d .  . F i l t r a t i o n  th ro u g h  a medium f r i t  
removed p r e c i p i t a t e d  s a l t s  and th ia m in e .  Excess e th a n o l  
was removed under red u ced  p r e s s u r e .  The re m a in in g  yellow  
o i l  y ie ld e d  c r y s t a l s  when s t i r r e d  w i th  co ld  e t h e r  
(250 mL). The c r y s t a l s  were f i l t e r e d 1and d r i e d  i n  vacuo 
over phosphorus p en to x id e  to  g iv e  16: 1 .7 6  g (35%); mp
155°C (d e c ) ;  PMR 6 1 .0 0  (d , Me2> J=5-5 Hz, 6H), 1 .7 0  -
2 .0 1  (m, CH2CHMe2 , 3H), 2 .4 7  ( s ,  py, 3H), 2 .66  ( s ,  t h i a -  
z o le  CH3 , 3H), 3 .23  ( t ,  CH2CH20H, J =6 Hz, 2H), 3 .5 7  ( t ,  
t h i a z o l e  CHOH, J^7 Hz, 1H), 3 .9 4  ( t , CH20H, J =6 Hz, 2H),
5 .6 0  ( s ,  py-CH2- t h i a z o l e ,  2H), 7 .4 7  ( s ,  pyH, 1H), A nal. 
c a lc d  f o r  CiyHggClgN^OgS• 2H20: C, 44 -44 ; H, 6 .6 0 ;  N,
1 2 .2 0 . Found: C, 4 4 .6 1 ; H, 6 .6 5 ;  N, 1 2 .4 5 .
SNYTHESIS OF 2 - ( 1-HYDR0XY-3-METHYLBUTYL)-4-METHYL-5- 
(2-HYDROXYETHYL)THIAZOLE 1? (7 4 ) .  Sodium s u l f i t e  (1 .7  g,
1 3 .4  mmol) was d i s s o lv e d  i n  w a te r  (10 mL) and a d j u s t e d  to  
pH 5 w ith  c o n c e n t r a te d  h y d ro c h lo r ic  a c i d ,  th e n  ^16 (650 mg,
2 mmol) was added w i th  s t i r r i n g  under n i t r o g e n  f o r  20 
h o u r s .
The r e s u l t i n g  opaque s o l u t i o n  was a d ju s t e d  t o  pH 10 
by  a d d i t i o n  o f  5$ sodium h y d ro x id e  (15 mL); and , a s  th e  
pH in c re a s e d ,  th e  p r e c i p i t a t e  d i s s o lv e d .  The s o l u t i o n
6 0
was e x t r a c te d  w ith  dichlorom ethane (2 x 20 mL), d r ie d  over 
anhydrous sodium s u l f a t e  and co ncen tra ted  to  give 1 7 :
260 mg (6C% ) ;  Rf  ( e th e r )  0 .37; PMR 6 0.95 (d, Me2 , J=5.5 
Hz, 6H), 1 .70  -  2.01 (m, CH2CHMe2 , 3H), 2.33 (s ,  th ia z o le  
CH^, 3H), 2.91 ( t ,  CH2CH20H, J =6 Hz , 2H), 3-45 ( t ,  th ia z o le  
CHOH, J=7 Hz, 1H), 3 .7#  ( t ,  CH2CH20H, J =6 Hz, 2H); mol wt. 
(MS) m/e 223 (M+).
SYNTHESIS OF 2 - (1-0X0-3-METHYLBUTYL)-4-METHYL-5- 
( 2-HYDROXYETHYL)THIAZOLE 13. A m ixture of 17 (500 mg.
2.2  mmol) and manganese d ioxide (5 g, 57 mmol) in  d ic h lo ­
romethane (25 mL) was re f lu x e d  f o r  5 hours. The manganese 
d iox ide was f i l t e r e d  from the  r e a c t io n  to  give 13 as a 
yellow o i l :  430 mg ( 9 6 $ ) ;  Rf ( e th e r )  0 .67; PMR 6 1.01 (d,
Me2 , J=6 . 5 Hz, 6H), 1 .70  (m, CHMe2 , 1H), 2 .40 (s ,  th ia z o le  
CH3 , 3H), 2.35 (d, C0CH2 , J =5 Hz, 2H), 3.05 ( t ,  CH2CH20H, 
J =6 Hz, 2H), 3 .90 ( t ,  CH2CH20H> J=6 Hz» 2H^  mo1 (MS  ^
m/e 226 (M+).
SYNTHESIS OF 2 - ( 3 , 3 , 6-TRIMETHYL-4-HYDR0XY-1-HEPTENYL-
4-METHYL-5-( 2-HYDROXYETHYL)THIAZ0LE 19 (63). A s o lu t io n  
of 13 (500 mg, 2 .2  mmol) and 2 (492 mg, 3*3 mmol) i n  t e t r a -  
hydrofuran  .(25 mL) was passed through a heated  column of . 
g ra n u la r  z inc (20 mesh). Workup in  a manner s im i la r  to  
t h a t  d esc r ib ed  fo r  a r te m is ia  a lc o h o l  a f fo rd e d  19 : 420 mg
( 63% ) ;  Rf 0.75 [ e t h e r :hexane (1 0 :2 ) ] ;  PMR 6 0.95 (d,
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Me2CH, 6H), 1 .0 1  ( s ,  C-3-CH^, 3H), 1 .0 4  ( s ,  C-3-CH3 , 3H),
1 .5  -  1 .95  (m, GHoCHMeo 3H). 2 .35  ( s ,  t h i a z o l e  CH3 , 3H), 
2 .97  ( t ,  CH2CH20H, J =6 Hz , 2H), 3 -62  ( s ,  OH, 1H), 3 .3 6  
( t ,  CH2CH20H, J  = 6 Hz , 2H), 4 .9 0  -  5 .2 0  ( o c t e t ,  CH=CH2 , 
j a b =1-5 Hz, 2H}, 6 .1 0  (q ,  CH=CH2 , ^ = 1 0  Hz, JbX=1S Hz> 
1H).
a-HYDR0XYIS0CAPROIC ACID 20 (7 5 ) .  L -L eucine (26 
0 .2  m icrom ole) i n  0 .01  N h y d ro c h lo r ic  a c id  was coo led , 
and c o n c e n t r a te d  h y d ro c h lo r ic  a c id  ( 0 .4  mL) was added, 
fo llo w ed  by 1 .5  M s u l f u r i c  a c id  (1 \ ) .  An aqueous s o lu ­
t i o n  o f sodium  n i t r i t e  (0 .5  M, 3 x 1 \ )  was added in  
15-m inute i n t e r v a l s .  The s o l u t i o n  was m a in ta in e d  a t  0°C 
f o r  a t o t a l  o f  1 .5  h o u rs ,  th e n  was a l lo w ed  t o  s ta n d  a t  
25°C f o r  2 .5  h o u rs .  A s p o t  t e s t  w i th  n in h y d r in  was nega­
t i v e .  E x t r a c t io n  w ith  e t h e r  (3 x  1 mL) gave th e  hydroxy 
a c id  2 0 : 4 .03  microgram ( 1 5 . 3/S).
P aper chrom atography (76) confirm ed th e  fo rm a tio n  o f  
20 (Rf 0 .9 5 ) .  No l e u c in e  (Rf 0 .1 0 )  was d e t e c te d .  The 
chromatogram was ru n  on Whatman §1 paper and developed  in  
th e  upper phase o f e t h y l  a c e t a t e : w a t e r : f o r m ic  a c id  
(6 0 :3 5 :5 ) .  The s p o ts  were v i s u a l i z e d  by a b ro m ocreso l 
g reen  s p ra y .
a-HYDROXYISOYALERIC ACID 21. L -V aline  was t r e a t e d  
in  same manner a s  L - le u c in e  to  g ive  21 (Rf 0 .9 5 ) .  No
6 2
v a l i n e  (R^ 0 . 0 5 ) was d e te c te d  in  a n in h y d r in  s p o t  t e s t  
o r  on th e  chromatogram .
F eed ing  E xperim ents
YEAST PREPARATION (77 , 7 8 ) .  F le ischm an»s a c t i v e  d ry  
y e a s t  (70 g) was powdered a t  low speed  i n  a Waring b le n d e r .  
The y e a s t  was suspended  in  0 .066 M ammonium phosphate  
b u f f e r  (200 mL, pH 7 .2 )  f o r  4 ho u rs  fo l lo w e d  by c e n t r i f u ­
g a t io n  a t  1 5 ,000  rpm (0°C) f o r  1 h o u r .  The s u p e rn a ta n t  
(120 mL) was d ec an ted  i n t o  ammonium s u l f a t e  (5 6 .4  g) and 
s t i r r e d  a t  0°C f o r  5 m in u te s .  The enzymes were p r e c i p i ­
t a t e d  by c e n t r i f u g in g  a t  4500 rpm f o r  30 m in u te s .  A f te r  
d e c a n ta t io n  o f  th e  l i q u i d ,  th e  p r e c i p i t a t e d  p r o te in  was 
d i s s o lv e d  i n  a sodium phosphate  b u f f e r  (30 mL, 0 .06  M, 
pH 7 - 2 ) .  The fo l lo w in g  compounds were added  s e q u e n t i a l l y  
t o  th e  b u f f e r e d  enzyme: magnesium s u l f a t e  (590 mg,
2 .4  mmol), sodium a d e n o s in e  t r ip h o s p h a te  ( 1 .15  g,
2 .4  mmol), T r i to n  X-100 (0 .6  mL) ,  1, (51 mg, 0 .06  mmol) 
and 16 (272 mg, 0 .6  mmol)'. The enzym atic  r e a c t i o n  was 
in c u b a te d  a t  37°C f o r  3 h o u rs ,  fo l lo w e d  by h e a t in g  a t  
70°C w ith  20$ p o ta s s iu m  hydrox ide  (10 mL) in  e th a n o l  to  
d e n a tu re  th e  enzymes. E x t r a c t io n  o f th e  p r o t e i n  m ix ture  
w i th  e th e r ta c e to n e  (1 : 1 ) s e p a ra te d  th e  t e r p e n o id  p ro d u c ts  
from  p r o t e in s  and s a l t s .  P re l im in a ry  GLC a n a ly s i s  i n d i ­
c a te d  th e  m ajor component to  be one of th e  unchanged 
s t a r t i n g  m a t e r i a l s ,  1 . Remaining GLC peaks d id  no t
c o rre sp o n d  to  e i t h e r  a r te m is i a  ketone  £  or 5 , 6-d ih y d ro -  
a r t  em is ia  ketone j [ .
CULTIVATION OF ARTEMISIA ANNUA. Seeds o f A rte m is ia  
annua were i n i t i a l l y  o b ta in ed  as  a g i f t  of th e  Royal 
B o tan n ic  Gardens, Kew. S e v e ra l  p la n t s  from th e s e  seeds 
were a llow ed  to  m ature to  f lo w e r in g  s ta g e  and d ry  in  th e  
g reen h o u se . These p la n ts  were s to r e d  in  a p l a s t i c  bag 
to  p rov id e  seeds f o r  th e  m a jo r i ty  of ex p e rim en ts .
From June, 1977j u n t i l  December, 1977, p la n t s  were 
grown in  a greenhouse under th e  s u p e rv is io n  of 
Dr. James Fontenot o f the  LSU H o r t i c u l tu r e  Departm ent. 
The average  summer tem p e ra tu re  in  th e  greenhouse was 
36°C; d u rin g  w in te r  months, h e a t  was su p p l ie d  to  main­
t a i n  tem p era tu re  above 25°C.
B eginning Jan u a ry , 1973, th e  p la n ts  were grown 
in d o o rs  under S y lv an ia  L ife  L ine a r t i f i c i a l  l i g h t  w ith  
14-hour days. The l i g h t s  were suspended from a frame
1 .2  m h ig h  and were a d ju s te d  a s  th e  p la n ts  m atured to  
m a in ta in  10 cm d i s ta n c e  from th e  t i p s  o f th e  p l a n t s .  
Seven 4 0 -w a tt  b u lb s  were used to  i l lu m in a te  2 . 3  m o f 
growing space . Average tem p e ra tu re  was m ain ta in ed  a t  
am bient tem p era tu re  (25°C).
Germ ination o f  seeds u s u a l ly  r e q u ir e d  43 h ou rs . A 
25 2C 50 cm p l a s t i c  t r a y  w ith  d ra in a g e  h o le s  was f i l l e d  
w i th  commercial p o t t in g  s o i l .  A l i b e r a l  q u a n t i ty  of
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d r i e d  p l a n t  m a t e r i a l  c o n ta in in g  see d s  was s p r in k le d  on 
th e  damp s o i l  and covered  w i th  a l a y e r  o f  p e a t  moss. The 
e n t i r e  t r a y  was th e n  covered  w i th  a s h e e t  o f c l e a r  p l a s t i c  
t o  r e t a i n  m o is tu r e .  Ten p la n t s  cou ld  be s a t i s f a c t o r i l y  
grown in  one t r a y  c o n ta in in g  a  5 cm l a y e r  o f s o i l .  A 
s o lu b le  f e r t i l i z e r  was a p p l ie d  w i th  each  w a te r in g .
I n  Ja n u a ry ,  1979, su p p le m e n ta l  p l a n t s  were c u l t i ­
v a te d  i n  a g reenhouse  under Dr. J .  P. Snow o f LSU P la n t  
P a th o lo g y . These p l a n t s  were t o  be used  to  o b ta in  a 
s u f f i c i e n t  q u a n t i t y  o f  e s s e n t i a l  o i l  f o r  in s t r u m e n ta l  
a n a l y s i s .  I t  was observed  t h a t  th e  p l a n t s  e x h ib i t e d  a 
d i f f e r e n t  grow th p a t t e r n  when a llo w ed  t o  m ature in  
crowded c o n d i t io n s .  A lthough th e y  were sp ra y e d  r e g u l a r l y  
f o r  f u n g i  and c a t e r p i l l a r s ,  s e v e r a l  groups o f p l a n t s  
deve loped  w i th e re d  le a v e s  and d ie d .  The p l a n t s  a l s o  had 
more s p in d ly  s t a l k s  and were s m a l le r  th a n  th o s e  grown 
i n d o o r s . '  However, t h e  p r o f i l e  o f e s s e n t i a l  o i l  c o n te n t  
was s i m i l a r  t o  t h a t  o f  p re v io u s  g ro u p s .
P la n t s  were s e l e c t e d  f o r  f e e d in g  ex p e rim en ts  a t  n in e  
weeks and had an  av e rag e  h e ig h t  o f  30 cm. The stem s were 
c u t  c lo se  t o  th e  ground and d i r t  was b ru sh ed  from  th e  
low er l e a v e s .  Each stem  was th e n  c a r e f u l l y  cu t  a g a in  w i th  
a sh a rp  k n i f e  so  a s  n o t  to  c ru s h  th e  s tem . They were th e n  
d ipp ed  in  d i l u t e  sodium p e r c h lo r a t e ,  r i n s e d  in  d i s t i l l e d  
w a te r  and .d r ie d . The p la n t s  were bund led  so t h a t  th e  c u t  
ends were l e v e l  and p lace d  in  a  sm a ll  b ea k e r  w i th  r a d i o -
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a c t i v e  s u b s t r a t e  d is s o lv e d  in  n u t r i e n t  s o lu t io n  (1 5 ).
This s o l u t io n  (10 ml) was abso rbed  in  one to  two hours 
and fo llo w ed  by a d d i t i o n a l  q u a n t i t i e s  of n u t r i e n t  s o lu ­
t i o n .  The n u t r i e n t  s o lu t io n  was a 1 ml po tass ium  phos­
pha te  b u f f e r  (pH. 7 *6 ) supplem ented w i th  0,3 mM g lucose  
and sodium adenos ine  t r ip h o s p h a te  (1 mg/mL). R a d io a c t i ­
v i t y  was found in  th e  t i p s  o f  th e  p la n t s  w i th in  an hour 
f o r  s e v e r a l  d i f f e r e n t  s u b s t r a t e s .  The p la n ts  were then  
m ain ta in ed  f o r  s p e c i f i e d  tim e  p e r io d s  on th e  n u t r i e n t  
s o lu t io n  under continuous f lu o r e s c e n t  i l lu m in a t io n .  No 
b a c t e r i a l  growth was e v id e n t  even a f t e r  4^ -hour f e e d in g s .
The e s s e n t i a l  o i l  was p repared  ac co rd in g  to  th e  
method o f F alk  e t  a l .  (3 3 ) .  F resh  p l a n t  m a te r i a l  (200 g) 
was chopped and c o a r s e ly  ground in  a Waring b le n d e r .  The 
o i l  was o b ta in e d  by steam  d i s t i l l a t i o n  of th e  m acerate  
u n t i l  1 l i t e r  of d i s t i l l a t e  was c o l l e c t e d .  The o i l y  d i s ­
t i l l a t e  was s a t u r a t e d  w ith  sodium c h lo r id e  fo llo w ed  by 
e x t r a c t io n  w ith  e th e r  (3 x 50 mL). The e th e r  l a y e r  was 
s u c c e s s iv e ly  washed w ith  5% sodium hydrox ide  (50 mL),
5% sodium b ic a rb o n a te  (50 mL) and w a te r  (20 mL). Upon 
c o n c e n t ra t io n ,  e s s e n t i a l  o i l  (190 mg) was i s o l a t e d  and. 
an a lyzed  (GLC) t o  p ossess  th e  fo l lo w in g :
Peak # t R_(min) t
1 . camphene 4 .4 0.5
2 . myrcene 5 .2 0 .6
3 . 1 ,3 - c in e o le 7 .8 3 .0
4 . a r t e m i s i a  ketone 1 2 .0 8 4 .0
5 . a r t e m is i a  a lc o h o l 19 .8 2 .9
6 . u n id e n t i f i e d 3 5 .0 1 .0
7 * u n id e n t i f i e d - 55.2 7 .5
2-(l-HYDR0XY-3-METHYLBUTYL-[l-1ZfC] )THIAMINE CHLORIDE 
HYDROCHLORIDE 16. The h y d ro c h lo r id e  16 was p repared  from
3 -m e th y lb u ty r ic  a c i d - [ l - ^ C ]  (purchased  from  ICN) v ia  
r e d u c t io n  to  3 -m eth y lb u tan o l w ith  Red-Al, fo llo w ed  by 
o x id a t io n  to  3 -m e th y lb u tan a l  w ith  chromium t r i o x i d e  and 
p y r id in e .  16 was i s o l a t e d  { 9 . 2 % )  and i d e n t i c a l  in  a l l  
r e s p e c t s  t o  p re v io u s ly  p rep a red  u n la b e l le d  m a te r i a l .
H ydroch loride  16 (350 mg, 0.33 mmol) was d i s s o lv e d  
in  b u f f e r  (pH 7 .2 )  and fe d  to  12-w eek-old  p la n t s  r a i s e d  
in  th e  g reenhouse . A f te r  48 h o u rs , th e  p la n t s  had 
abso rbed  a t o t a l  of 250 ml o f b u f f e r  and were worked up 
as  d e s c r ib e d  above to  y i e ld  th e  l a b e l l e d  e s s e n t i a l  o i l  
(200 mg).
A rte m is ia  ketone was c o l l e c t e d  by p r e p a r a t iv e  GLC 
and counted  in  a l i q u id  s c i n t i l l a t i o n  c o u n te r .  I so v a -  
le ra ld e h y d e  was i d e n t i f i e d  by removal from th e  o i l  w ith  
aqueous s a t u r a t e d  sodium b i s u l f i t e .  The v o l a t i l e  a i d e -
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hyde was no t i s o l a b l e  by GC due to  th e  sm a ll  q u a n t i ty  
p re s e n t  i n  r e l a t i o n  to  o th e r  components of th e  o i l .  A 
c o n t r o l  d i s t i l l a t i o n  c a r r i e d  o u t w ith  u n la b e l le d  16 
r e l e a s e d  no is o v a le ra ld e h y d e  i n t o  th e  d i s t i l l a t e .
The m a jo r i ty  o f r a d i o a c t i v i t y  rem ained in  th e  p la n t  
m a t e r i a l ,  which was d iv id ed  in to  two p a r t s .  The f i r s t  
b a tc h  was a c i d i f i e d  t o  pH 2 .5  by  th e  a d d i t i o n  of concen­
t r a t e d  h y d ro c h lo r ic  a c id  and th e n  steam d i s t i l l e d .  The 
e th e r  e x t r a c t  o f th e  d i s t i l l a t e  co n ta in ed  a sm all  q u a n t i t y  
of a r t e m is i a  ke tone  p o sse ss in g  no s i g n i f i c a n t  r a d io a c ­
t i v i t y .  The m ajor component f u r f u r a l  was n o t  r a d io a c t iv e  
and i d e n t i c a l  t o  a known sam ple: bp 90°C (65 mm) [ l i t
(67) bp 1 6 1 .5°C]; PMR. 6 6 .52  (q ,  H-4, J=1.5  Hz, 1H), 7 - H  
(d , H-3, j= 3 .5 Hz, 1H), 7 .61  ( s ,  H-5, 1H), 9.63 ( s ,  CHO, 
1H).
The second b a tc h  of p la n t  m a te r i a l  was s t i r r e d  in  
ace to n e  f o r  1 h o u r . The o i l  i s o l a t e d  fo l lo w in g  steam 
d i s t i l l a t i o n  c o n ta in e d  only  t r a c e s  of a r t e m is i a  k e to n e ..
The experim ent was re p e a te d  w ith  s u b s t r a t e  p rep ared  
from  barium  c a r b o n a te - [ ^ C ]  by  c a rb o n a t io n  o f  th e  G rignard  
re a g e n t  as  d e s c r ib e d  above to  g iv e  3 -m e th y lb u ty r ic  a c id -  
[ 1- ^ C ] ,  16 was th e n  p repared  in  6fo y ie ld  based  on
barium  c a rb o n a te .
H ydroch lo ride  16 (309 mg, 0 .73 mmol) was fed  to  
n ine-w eek -o ld  p l a n t s  r a i s e d  in d o o rs .  The workup v ia  
steam  d i s t i l l a t i o n  y ie ld e d  an e s s e n t i a l  o i l  o f  h ig h e r
t o t a l  r a d i o a c t i v i t y  th an  th e  p rev ious  f e e d in g .  3 -M ethyl-  
b u ta n o ic  a c id  was c h a r a c te r iz e d  in  th e  base  washes o f th e  
o i l  workup as w e l l  as  a minor ( 1$) component of th e  o i l  
i t s e l f .
2-  ( 1-HYDR0XY-3 -METHYLBUTYL- [ l - ^ C ]  )-4-METHYL-5- 
( 2-HYDROXYETHYL)THIAZOLE 17. T h iazo le  17 (57 mg,
0.25 mmol), p rep a red  from 16 by  sodium s u l f i t e  c leav ag e , 
was f e d  to  p la n ts  (130 g wet w t . ) f o r  4# h o u rs .  The p ro ­
cedure f o r  i s o l a t i o n  o f monoterpenes was developed w ith  
th e  h e lp  of Dr. N. H. F i s c h e r ,  of th e  LSU Chem istry 
D epartm ent. The stem s were washed to  remove b u f f e r  and 
b lended  in  b u lk  e th a n o l  (2 L ) .  The a l c o h o l i c  m acerate  
was b o i le d  f o r  30 m inutes and th e n  f i l t e r e d  th rough  
C e l i te  to  remove stems and l e a f  t i s s u e .  The f i l t r a t e  
volume was reduced  in  vacuo to  500 mL, th e n  t r e a t e d  w ith  
5$ le a d  a c e ta te  (500 mL). The gummy p r e c i p i t a t e  was 
removed by f i l t r a t i o n  th ro u g h  a C e l i te  pad. The r e s u l ­
t a n t  yellow  f i l t r a t e  was e x t r a c t e d  w ith  e th e r  (4 x 50 mL) 
S e p a ra t io n  (ThLC) of th e  e t h e r e a l  o i l  e l u t i n g  w ith  
e th e rrh ex an e  (1 0 :2 )  re v e a le d  s e v e r a l  f r a c t i o n s .  The f r a c  
t i o n  co rrespond ing  to  17 (R^ 0 , 1 5 ) accoun ted  f o r  64$ of 
r a d i o a c t i v i t y  in  th e  o i l .  Two o th e r  f r a c t i o n s  co n ta in ed  
s i g n i f i c a n t  r a d i o a c t i v i t y ;  Rf 0 .74  co rresp ond ing  to  IS 
and Rjr. 0 .90  co rrespond ing  to  th e  mixed te rp e n e s  of th e  
e s s e n t i a l  o i l .
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3-METHYLBUTANAL-[l-14C ]. 3- M e th y lb u ta n a l - [ l - lifC] 
was p repared  by th e  barium  ca rbon a te  and G rignard  r e a c t io n  
sequence. The a ldehyde (95 mg, 1 .1  mmol) was d is s o lv e d  
in  50fo aqueous e th a n o l  (3 mL) and fe d  to  th e  p la n ts  f o r  
36 h o u rs . A f te r  th e  o i l  was o b ta in ed  in  th e  u su a l  man­
n e r , '  i t  was t r e a t e d  w i th  s a tu r a t e d  aqueous sodium b i s u l ­
f i t e  (5 mL) to  remove unchanged s t a r t i n g  m a te r i a l .
The second fe e d in g  o f 3 - m e th y lb u t a n a l - [ l - 1 f^C]
(37 mg, 0.43 mmol) co n tin ued  f o r  12 h o u rs .
3 -METHYL-2-BUTEML-[l-l ifC] . 3 -M e th y l-2 -b u te n a l-  
[ l - ^ C ]  (1 6 .5  mg, 0 .2  mmol) was p repared  from th e  barium  
ca rbo na te  and G rignard  r e a c t i o n  sequence w ith  m e th a l ly l  
c h lo r id e  and was fe d  to  p la n ts  f o r  24 h o u rs .
L-LEUCINE-[U-^C]. L -L euc ine-[U -1 '^C] (71 raicrograms, 
0 .5  m icrom oles) was fe d  to  p la n ts  in  b u f f e r  (pH 7 .2 ,
5 mL) f o r  4£ h o u rs .  Workup of th e  p la n t s  in  th e  u su a l  
manner y ie ld e d  th e  e s s e n t i a l  o i l  (102 mg).
The experim ent was re p e a te d  w ith  L - le u c in e - [U - ^ C ]
(21 m icrograms, 0 .16  m icrom oles). One hour a f t e r  th e  
stems were p laced  in  th e  r a d io a c t iv e  s o l u t io n ,  le a v e s  
were removed a t  10 cm and 30 cm from th e  base  of th e  
stem . These samples were b leached  in  30% hydrogen p e ro ­
x id e  and counted . Each l e a f  co n ta ined  s i g n i f i c a n t  r a d io ­
a c t i v i t y .
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L-VALIWE-[U-^C] , L -V a l in e - [U - ^ C ]  (3 0 m icrogram s, 
0 .25  m icrom ole) was fe d  to  100 g o f p la n t s  i n  5 mM 
phosphate  b u f f e r  (5 mL, pH 7 .2 )  f o r  24 h o u rs .  A f te r  t h i s  
tim e  p e r io d ,  th e  p la n t s  ap p ea red  d e h y d ra ted  and were no 
lo n g e r  a b s o rb in g  l i q u i d .
The experim en t was r e p e a te d  w i th  th e  same amount o f 
L -v a l in e  a s  b e f o r e ;  b u t  th e  s u b s t r a t e  was d i s s o lv e d  in  
1 mM phosphate  b u f f e r  (pH 7 * 2 ) ,  and th e  p la n t s  were m ain­
t a in e d  on b u f f e r  s o l u t i o n  f o r  4 & h o u rs .
L-a-HYDROXYISOCAPROIC ACID-[U-li}-C] 20. L -a-H ydroxy- 
i s o c a p r o ic  a c id - [ U - ^ C ]  ( 4 .0  m icrogram s, 0.03 m icrom ole), 
p re p a re d  by n i t r o u s  a c id  r e a c t i o n  ( 7 5 ), was fe d  to  100 g 
o f  p l a n t s  f o r  12 h o u rs .
The experim en t was r e p e a te d  w i th  L -a -h y d ro x y iso c a p ro ic  
a c i d - [ U - ^ C ]  (0 .6 2  m icrogram , 5 pm ol) and m evalonic a c id  
( 2 .5  mg) b e in g  f e d  t o  th e  p l a n t s  f o r  th e  same tim e p e r io d .
L-a-HYDR0XYIS0VALERIC ACID-[U-14C] 21. L-a-H ydroxy- 
i s o v a l e r i c  a c id - [ U - ^ C ]  (0 .23  m icrogram, 2 .0  pmol) and 
m evalonic  a c id  ( 2 .5  mg) were f e d  t o  35 g o f p la n t s  f o r  
12 h o u rs .
DEGRADATION OF ARTEMISIA KETONE FROM L-a-HYDROXY- 
ISOCAPROIC ACID (105, 1 06 ). A r te m is ia  ke tone  (41 mg) 
was s e p a r a te d  from  th e  o i l  by chrom atography (ThLC)
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e l u t i n g  w i th  benzene to  g iv e  s i x  band s , R^.: 0 . 9 5 , 0 .81
( a r t e m is i a  k e to n e ) ,  0 . 62 , 0 . 50 , 0 .32  ( a r t e m is i a  a l c o h o l ) ,  
0 .1 4 .  The p u r i t y  of a r t e m i s i a  k e to ne  was v e r i f i e d  by 
GLC.
To a s t i r r e d  s o l u t i o n  of aqueous sodium hyd rox ide  
(150 mL, pH 1 2 .2 )  and p o ta ss iu m  perm anganate (632 mg,
4 mmol) a t  0°C, a r t e m i s i a  k e to n e  (83 mg, 0.93 mmol) was 
added i n  jc-dioxane (2 mL). A f te r  30 m in u te s ,  no perman­
g an a te  io n  was e v id e n t  and 30$ fo rm ic  a c id  (1 mL) was 
added to  com plete  th e  r e a c t i o n  t o  manganese d i o x i d e . - 
The b la c k  p r e c i p i t a t e  was f i l t e r e d  on a c e l i t e  pad, and 
th e  manganese d io x id e  cake was washed w i th  a d d i t i o n a l  
w a te r .  Sodium p e r io d a te  (3 -4  g , 1 5 .8  mmol) was added to  
th e  f i l t r a t e  and s t i r r e d  a t  25°C in  th e  d a rk  f o r  1 h o u r .  
Excess p e r io d a te  was t r e a t e d  w i th  sodium a r s e n i t e  
(8 .7  g) and 2$ h y d ro c h lo r ic  a c id  (15 mL }. 5 , 5 -D im ethy l-
1 ,3 -c y c lo h e x a n e d io n e  (500 mg) i n  95$ e th a n o l  (20 mL) was 
added, and c r y s t a l s  formed o v e r n ig h t .  The dimedone d e r i ­
v a t iv e  was f i l t e r e d  and r e c r y s t a l l i z e d  from  95$ e th a n o l  
to  g iv e  m ethy lene-d im edone : 140 mg (5 8 $ );  mp 188 -  190°C 
[ l i t  (79) mp 191 -  1 9 1 .5°C].
The f i l t r a t e  was d iv id e d  in t o  two eq u a l 
volum es, one o f which was d i s t i l l e d  to  o b ta in  an  aqueous 
a c e to n e  s o l u t i o n  which was t r e a t e d  w i th  4 -p h e n y lse m ic a r -  
bazone (150 mg, 1 mmol) and a llow ed  t o  c r y s t a l l i z e  o v e r ­
n ig h t .  The p ro d u c t ,  a c e to n e -4 -p h e n y ls e m ic a rb a z id e  was
7 2
i s o l a t e d  by f i l t r a t i o n :  20 mg (3 2 .5 $ ) ;  nip 153 -  155°C
[ l i t  (39) mp 160°C], The second p o r t io n  of th e  o r i g i n a l  
f i l t r a t e  was a d ju s te d  to  pH 4 and r e f lu x e d  f o r  1 .5  h o u rs . 
Carbon d io x id e  was c o l l e c t e d  in  ethano lam ine under a
s tream  of n i t r o g e n .
I s o b u ty r i c  a c id  was i d e n t i f i e d  (TLC) in  th e  e th e r
e x t r a c t  o f th e  aqueous s o l u t i o n s :  R^ 0. 63 ( e t h e r ) .
Fragment DFM £
form aldehyde 55 0 .7
ace to n e 296 3-7
carbon d io x id e 453 5 .8
i s o b u ty r ic  a c id 7000 39
DEGRADATION OF ARTEMISIA KETONE FROM 3-METHYLBUTANAL- 
[ 1 - ^ C ] .  A r te m is ia  ketone was i s o l a t e d  and degraded by 
po tassium  permanganate and sodium p e r io d a te  -as above.
Fragment DPM £
form aldehyde 100 1 .4
ace to n e 392 5.6
carbon d io x id e 46 0.7
C -2 ,3 ,9 ,1 0 6500 92
DEGRADATION OF ARTEMISIA KETONE FROM L-a-HYDROXY- 
ISOCAPROIC ACID-CU-^C] AND L-a-HYDROXYISOVALERIC ACID- 
[ U - ^ C ] . A rte m is ia  ketone was i s o l a t e d  from each of
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th e s e  fe e d in g s  and combined f o r  d e g ra d a t io n  by th e  
method deve loped  by Charlwood (9 0 ) .  A r te m is ia  k e tone  
(69 mg, 0 .45  mmol) was s t i r r e d  w i th  aqueous po tass iu m  
perm anganate (142 mg, 0 .9  mmol) i n  w a te r  (9 -5  mL) f o r  
1 h o u r .  A nother a l i q u o t  o f p o ta ss iu m  perm anganate 
(82 mg, 0 .52  mmol) i n  w a te r  (5 mL) was added and s t i r r e d  
f o r  4 h o u rs .  Manganese d io x id e  was removed by f i l t r a ­
t i o n  th ro u g h  a c e l i t e  pad. The f i l t r a t e  was a d ju s t e d  to  
pH 10 and d i s t i l l e d  t o  o b ta in  an  aqueous a c e to n e  s o l u t io n  
(1 mL).' The d i s t i l l a t e  was t r e a t e d  w ith  4 -p h e n y ls e m ic a r -  
bazone (150 mg) d i s s o lv e d  in  50fo e th a n o l .  A ce to n e -4 -  
p h en y lse m ic a rb a z id e  was i s o l a t e d  a f t e r  r e c r y s t a l l i z a t i o n  
from  a m inim al amount o f 95% e th a n o l :  7 mg (8 $ ) ;  mp
147 -  149°C.
The rem a in in g  aqueous s o l u t i o n  was e v a p o ra te d  in  a 
s t re a m  o f  h o t  a i r .  The s o l i d  p ro d u c ts  were a c i d i f i e d  
w i th  5 N s u l f u r i c  a c id  and e x t r a c t e d  w i th  e th e r  
(3 x 2 mL). The combined e x t r a c t  was d r i e d  over sodium 
s u l f a t e  and chrom atographed  (ThLC) e l u t i n g  w ith  a mix­
t u r e  o f  e thano l:w ater:am m onium  h yd ro x ide  (8 5 :1 1 :4 )*
S p o ts  were v i s u a l i z e d  w i th  b ro m o creso l  g re e n  s p ra y .  
S ta n d a rd s  and r e a c t i o n  component R ^ s : i s o b u t y r i c  a c i d ,
0 .6 4 ;  fo rm ic  a c id ,  0 .5 1 ;  d im ethy lm aIon ic  a c id ,  0 .0 9 .
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Fragm ent PPM
fo rm ic  a c id  16 1 .4
a c e to n e  56 4 .3
i s o b u t y r i c  a c id  946 8 2*
d im eth y lm a lo n a te  111 9 .6
TABLE 4
PMR ASSIGNMENTS OF ARTEMISYL COMPOUNDS 
PROTON ‘ 4 £  6 7 . a
H-l 4 .5 5 -5 .2 0  
o c t e t , 2H 
Jab=1*5 Hz
4 .9 1 -5 .2 0  
o c t e t ,  2H 
Jab=1*5 Hz
5 .0 1 -5 .1 0  
q u i n t e t , 2H 
JAB=1*5 Hz
4 .9 1 -5 .2 0  
o c te t ,  2H 
Jab=1-5 Hz
4 .5 5 -5 .2 0  
o c t e t ,  2H
J a b = i* ^
H-2 5.55 
q, 1H 
JAX=10 Hz 
JBX=l 5  Hz
5.95 
q, 1H 
J ay==10 Hz 
J bx=L5 Hz
5.75
q, 1H
JAX=10 Hz 
JbX ^ S  Hz
5.95 
q, 1H 
Jax=10 Hz 
J 15 Hz
5.50
q, ih
Jax=10 Hz 
Jg^=l5 Hz1
H-4 3.93 
d, 1H
J=9 Hz
- 2.74 d, 1H
J=2.5 Hz
-
3 .20  
b r  t ,  1H 
> 5 . 5  Hz
H-5 5.95
d, 1H 
J= 2 .5 Hz
6.25 
m, 1H
2.57 
d, 1H 
> 2 . 5  Hz 1 .5 0 -1 .5 0 1 .45 -1 .75
H-6 - - -
m, 3H m, 3H
H-7 1 .7 0  
s ,  3H
2.12 
s ,  3H
1.29  
s ,  3H 0.95 
d, 6H 
> 6 . 5  Hz
0.95 
d , 6H 
> 6 . 5  HzH-S 1.67 
s ,  3H
1.59 
s ,  3H
1 .20  
s ,  3H
H-9,10 1 .00  
s ,  6h
1.25 
s ,  6H
1.04 1.05
s ,  3H s ,  31
1 .20  
s ,  6H
1 .00  
s ,  6H
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TABLE 5 
ESSENTIAL OIL ANAYLSIS
PPM
L -LEUCINE- [U -^ C  ]
25 m i c r o c u r i e s ; 5*55 x lO^dpm; 4# hours 
o i l  14 ,000
a r t e m i s i a  k e tone  2 ,5 3 0
n
25 m ic ro cu r ie s .;  5*55 x lO'dpm; 36 hours 
o i l  13 ,930
a r t e m i s i a  k e to n e  1 ,70 0
a r t e m i s i a  a l c o h o l  2 ,2 90
L-VALINE- [U-1 '^C ]
717 m ic ro c u r ie s ;  3*74 x 10 dpm; 24 hours  
o i l  393
n
17 m ic ro c u r ie s ;  3*74 x 10 dpm; 43 hours 
o i l  4 ,3 6 0
a r t e m i s i a  k e to n e  1 ,930
L -a  -HYDROXYIS 0 CA PRO IC ACID-CU-^C] 20
n
7*66 m ic ro c u r ie s ;  1 .7  x 10 dpm; 12 hours  
o i l  106 ,000
a r te m is i a  k e to n e  41 ,630
a r t e m is i a  a lc o h o l  9 ,600
£
0.025
0.0046
0.025
0.003
0.004
0.0024
0.012
0.005
0.624
0.245
0.056
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2 .5  mg MVA; 1 .17  m ic ro c u r ie s ;  2 .6  x 10 dpm; 12 ho u rs  
o i l  3 ,2 3 0  0 .124
a r t e m i s i a  ke tone  300 0 .012
L-a-HYDRO 3CYIS0 VALERIC ACID-CU-^C] g l
c
2 .5  mg MVA; 0 .52  m ic ro c u r ie s ;  1 .1 4  x  10 dpm; 12 h o u rs  
o i l  7 ,2 30  0.63
a r t e m i s i a  k e to n e  560 0 .051
2 - ( 1 -HYDROXY-3-METHYL BUTYL-[ l - ^ C ] THIAMINE CHLORIDE HYDRO­
CHLORIDE l£
7
9 .2  m ic ro c u r ie s ;  2 .0 4  x 10 dpm; 46 hou rs  
o i l  45 ,670  0 .2 2
a r t e m i s i a  k e ton e  3 ,6 4 0  0 .019
3 -m e th y lb u ta n a l  9 ,700  0 .047
7
17 .6  m ic ro c u r ie s ;  3 .9  x 10 dpm; 46 ho u rs  
o i l  415 ,000  1 .0 6
a r t e m i s i a  k e tone  3 ,6 6 0  0 .0099
a r t e m i s i a  a lc o h o l  11 ,400  0 .029
3 -m e th y lb u ta n a l  272,000 O.705
3 -m e th y lb u ta n o ic  a c id  199 ,000  0 .51
4-
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2 - ( l-HYDROXY-3-METHYLBUTYL-[ 1 -14C j ) 4 -METHYL-5 - ( 2-HYDROXY- 
ETHYL)THIAZOLE 1 7
n
1 0 .8  m ic ro c u r ie s ;  2 .4  x 10 dpm; 48 hours
o i l  . 360 ,000  1 .5
18 3 ,2 3 0  0.014
te rp e n e s  700 0.003
3-METHYLBUTANAL-[ 1 -14C]
4 6 .8  m ic ro c u r ie s ;  1 .04  x 10 dpm; 36 hours
o i l  106,000 0.102
a r te m is ia  ketone  10 ,100  0.0097
a r te m is ia  a lc o h o l  10 ,800  0 .010
3-m e th y lb u tan a l  120,000  O.83
3 -m e th y lb u tan o ic  a c id  2 ,978  0.003
n
37*1 m ic ro c u r ie s ;  8 .24  x 10 dpm; 12 hours 
o i l  175,000  0.213
a r te m is i a  ketone 53,000 0.064
a r te m is i a  a lc o h o l  40 ,600  0.049
3 -METHYL-2-BUTEWAL-[ 1- ^ C  ]
O.O64 m ic ro c u r ie s ;  1 .42  x lO^dpm; 24 hours 
o i l  2 ,900  2.05
a r te m is ia  ketone 500 O.35
a r te m is i a  a lc o h o l  300 0 .21
3 -m e th y l-2 -b u te n a l  7 ,480  5*3
I l l ,  RESULTS AND DISCUSSION
C u rre n t  con cep ts  (25 , 4 1 , 45) o f  i r r e g u l a r  te rp e n e  
b i o s y n th e s i s  f e a t u r e  c o n d e n sa t io n s  betw een two m o lecu les  
o f m evalonoid  o r i g i n .  A ccord ing  to  th e s e  t h e o r i e s ,  MVA 
sh o u ld  be in c o rp o r a te d  b o th  e f f i c i e n t l y  and s y m m e tr ic a l ly  
i n t o  a r t e m i s i a  k e to n e .  Table  3 (Page 31) p re se n te d  th e  
e x p e r im e n ta l  d a ta  from  two r e s e a r c h  groups on a r t e m i s i a  
ke tone  b io s y n th e s i s .  In  each  case  (49 -  53 ), MVA was n o t  
an e f f e c t i v e  p r e c u r s o r  and th e  l a b e l  was a s y m m e tr ic a l ly  
in c o rp o r a te d  w ith  th e  m a jo r i t y  lo c a te d  i n  th e  I_ p o r t i o n .
In  o rd e r  to  e l u c i d a t e  more d e t a i l s  o f th e  asym m etric  
l a b e l l i n g  phenomenon, a s e r i e s  o f f e e d in g  ex p e rim en ts  were 
d e s ig n e d .  S e v e r a l  non-m evalonoid  s u b s t r a t e s  (F ig u re  19) 
were chosen a s  p r e c u r s o r s  to  a r t e m i s i a  ke tone  in  A r te m is ia  
annua and were d e s ig n e d  to  e f f i c i e n t l y  l a b e l  th e  D u n i t  
v ia  th e  c o f a c t o r  th ia m in e  py rophospha te  (TPP). I f  t h i s  
ro u te  were s u c c e s s f u l ,  an  im m ediate e x p la n a t io n  cou ld  be 
o f f e r e d  f o r  th e  asym m etric  l a b e l l i n g  and low MVA i n c o r ­
p o r a t io n  seen  in  a r t e m i s i a  k e to n e :  th e  D u n i t  i s  non-meva­
l o n o id .
P a r t i c i p a t i o n  o f  th iam in e  py rophosphate  a s  a c o f a c to r  
i n  a pathway t o  i r r e g u l a r  t e r p e n o id  compounds was im p l i ­
c a te d  by e a r l i e r  work in  t h i s  l a b o r a to r y  (9 3 )-  These 
i n v e s t i g a t o r s  found t h a t  an eq u im o la r  m ix tu re  o f  th iam in e
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OH
HO
H O
OH
16 !7
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Le uc in e
CO-H
OH
V a l i n e
"rr
OH
20
COgH
C O ,H
2 1
F ig u re  19« S u b s t r a te s  fe d  to  A r te m is ia  annua .
pyrophosphate , g e r a n io l  and c i t r a l  was conv erted  by a 
s ta n d a rd  y e a s t  p re p a ra t io n  in to  a C-20 hydrocarbon , 2 2 ,  a s  
shown in  F igu re  20, An i r r e g u l a r  te rp e n o id  s t r u c t u r e  was 
a s s ig n e d  to  t h i s  compound based on mass s p e c t r a l  data-^ 
S y n th e s is  of 22 proved d i f f i c u l t  (1 1 5 ) I F u r th e r ,  i t  was 
p o s s ib le  to  employ th e  s ta n d a rd  y e a s t  p r e p a ra t io n  to  syn­
th e s i z e  2 } ,  a s a t u r a t e d  ana log  o f 22 a s  shown in  F ig u re  21. 
Karimian (115) s u p p l ie d  th e  y e a s t  enzymes w ith  2 - ( l - h v -  
d r o x y - 3 ,7 - d im e th y l - l - o c t - 6 - e n y l )th iam in e  c h lo r id e  hydro­
c h lo r id e  24 and g e r a n io l - [ ^ H ] , and th e  r a d io - l a b e l l e d  
p roduc t su b se q u e n tly  i s o l a t e d  in  7.6/5 y i e ld  was i d e n t i c a l  
i n  chrom atographic p r o p e r t i e s  to  23. This experim ent
a m ,
e s t a b l i s h e d  th e  involvem ent of th iam in e  in  th e  b io s y n th e ­
s i s  o f a novel i r r e g u l a r  d i t e r p e n e .
As a p re l im in a ry  p a r t  o f t h i s  p r o j e c t ,  th e  same 
y e a s t  p r e p a r a t io n  was s u p p l ie d  w ith  3 “D iethy l-2 -bu teno l 1_ 
and 2 - ( l -h y d ro x y -3 -m e th y lb u ty l )th iam ine  c h lo r id e  hydro­
c h lo r id e  16 in  o rd e r  t o  determ ine  i f  th e  c e l l - f r e e  system  
could p rep are  a  te n -c a rb o n  ana log  o f 22 o r 23 (F igure  22). 
The d e t a i l s  of th e  s y n th e s i s  o f 2 -a lk y l th ia m in e  d e r iv a ­
t i v e s ,  such  as  16, were d isc u s se d  p re v io u s ly  by Karimian 
(115). The h y d ro c h lo r id e  16 was n o t  a s u b s t r a t e  f o r  th e  
y e a s t  enzymes as  24 had been, and n e i t h e r  a r te m is ia  ke tone
AAV
nor 5 , 6 -d ih y d ro a r te m is ia  ketone ^ w a s  d e te c te d  in  th e  
r e a c t i o n  p ro d u c ts .
THIAMINE
I YEAST PREP
22
F ig u re  20. I r r e g u l a r  d i t e r p e n e  formed i n  y e a s t  p re p a ra ­
t i o n s  c o n ta in in g  g e r a n io l ,  c i t r a l  and th iam in e  .
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F ig u re  21. L a b e lle d  i r r e g u l a r  d i te rp e n e  formed in  
y e a s t  p re p a ra t io n  *
OH +  HO
OH
YEAST P R E P
or
F igure  22. S u b s t r a te s  f o r  i r r e g u l a r  raonoterpene 
b io s y n th e s i s  .
The two ex p e c ted  .p ro d u c ts  o f  th e  y e a s t  p r e p a r a t io n  
w ere s y n th e s iz e d  by a c o n t in u o u s - f lo w  R eform atsky  column 
deve loped  by R uppert and W hite {6 3 ). The mechanism o f th e  
c o n d e n sa t io n  betw een 3 -m e th y l -2 -b u te n a l  and l-b ro m o -3 -  
m e th y l-2 -b u te n e  i s  shown in  F ig u re  23. The t r a n s i t i o n  
s t a t e  c o n s i s t s  o f  a six-m em bered s t r u c t u r e  in v o lv in g  th e  
a l l y l i c  double  bond o f th e  h a l id e .  C o lla p se  o f  th e  i n t e r ­
m ed ia te  r e s u l t s  in  a t a i l - t o - m i d d l e  l in k a g e  o f th e  two 
f iv e - c a r b o n  u n i t s .  A r te m is ia  a l c o h o l  i s  o b ta in e d  by su b ­
se q u e n t  H y d ro ly s is  o f  th e  s a l t  *
C o n v en tio n a l methods o f o x id a t io n ,  such a s  chromium 
t r i o x i d e  and p y r id in e  o r  manganese d io x id e ,  produced 
a r t e m i s i a  k e to n e  in  low y i e l d s .  F u r th e r  i n v e s t i g a t i o n  
r e v e a le d  t h a t  th e  m ajor compound i s o l a t e d  from  th e  o x id a ­
t i o n  r e a c t i o n  m ix tu re  was a t e r t i a r y  a l c o h o l ,  2 , 5 , 5 - t r i -  
m e th y l -3 , 6 - h e p ta d ie n e - 2 - o l  6j formed by i s o m e r iz a t io n  o f  
a r t e m i s i a  a l c o h o l .  A lcoho l 6, was i d e n t i f i e d  on th e  b a s i s  
o f tft and PMR spectrum* T his  t e r t i a r y  a l c o h o l  had a 
s l i g h t l y  lo n g e r  r e t e n t i o n  tim e th a n  a r t e m i s i a  a l c o h o l «
The PMR sp ec tru m  o f  a r t e m i s i a  a l c o h o l  shows a c h a r a c t e r i s ­
t i c  p a t t e r n  a t  5 5-90  f o r  th e  a - v i n y l i c  p ro to n ,  whereas 
& showed new peaks a t  6 2.73 (d , J=2 .5  Hz, 1H) and 6 2 .33 
(d , J=2„5 Hz, 1H) f o r  th e  v in y l  p ro to n s .  The most s a t i s ­
f a c t o r y  method f o r  o x id a t io n  o f  a r t e m i s i a  a l c o h o l  to  
a r t e m i s i a  ke tone  was chromium t r i o x i d e  and p y r id in e .
I
OH
F ig u re  23* Mechanism o f  c o n t in u o u s - f lo w  R eform atsky
r e a c t i o n  *
HH,-------------   -V-
£7
While some is o m e r iz a t io n  o f a r t e m is ia  a lc o h o l  to  6 d id  
o cc u r ,  th e  r e a c t i o n  tim e was s h o r t  enough to  minimize th e  
fo rm a tio n  o f  t h i s  unwanted p ro d u c t.
A second expec ted  p ro d u c t of th e  y e a s t  p r e p a ra t io n  
was 5»6 -d ih y d ro a r te m is ia  ke tone  7. This compound was syn ­
th e s i z e d  by a  1 ,4 - r e d u c t io n  of a r t e m is i a  ketone w ith  
l i th iu m  in  l i q u i d  ammonia. The method was chosen to  
s e l e c t i v e l y  reduce  th e  a , f j-u n sa tu ra te d  o l e f i n  as  opposed 
to  th e  t e rm in a l  m ethylene which i s  reduced  by c o n v e n tio n a l  
h y d ro g e n a tio n s  (1 0 9 )*
The i n a b i l i t y  of th e  y e a s t  system  to  p re p a re  a 
te n -c a rb o n  an a log  o f l a r g e r  i r r e g u l a r  te rp e n e s  can be 
a t t r i b u t e d  to  th e  s p e c i f i c i t y  of th e  y e a s t  enzymes f o r  
l a r g e r  s u b s t r a t e s .  A f e a s i b l e  a l t e r n a t i v e  was a s tu d y  of 
16 and s i m i l a r  compounds as  s u b s t r a t e s  f o r  A. annua to  
d e term ine  i f  th e  D u n i t  o f a r te m is i a  ketone could be 
l a b e l l e d -
B efore  MVA was ac c e p te d  as  a te rp e n o id  p r e c u r s o r ,  
many compounds were d is c u s s e d  (116) as  ca n d id a te s  f o r  
th e  is o p re n o id  s k e le to n ,  and among them were i s o v a l e r a l -  
dehyde, m e th y lb u te n a l ,  isoam yl a lc o h o l ,  le u c in e  and 
v a l i n e .
A pathway to  a r t e m is ia  ketone (F igu re  24) in v o lv in g  
th e  amino a c id  le u c in e  as  th e  non-mevalonoid component of 
a r t e m is i a  ketone  was proposed (94) to  e x p la in  th e  la c k  of
CO.HYY 2
N H g  
L e u c i n e
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B
PP
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Fig-ure 24. Pathway to  a r te m is i a  ketone
MVA in c o rp o r a t io n  in to  th e  D u n it-  The proposed e n t r y  of 
le u c in e  in to  th e  pathway fo llo w s  ac c e p te d  b io ch em ica l con­
v e r s io n s .  P y r id o x a l  phosphate  c a ta ly z e s  th e  co n v e rs io n  of 
le u c in e  to  a - k e to i s o c a p r o ic  a c id .  This t r a n s a m in a t io n  i s  
th e  f i r s t  s t e p  i n  th e  o x id a t io n  o f many amino a c id s  to  
in te rm e d ia te s  o f th e  c i t r i c  a c id  c y c le  {95)* The a -k e to  
a c id  i s  th e n  d ec a rb o x y la te d  by TPP in  a r e a c t i o n  analogous 
to  th e  d e c a rb o x y la t io n  o f pyruv ic  a c id  to  g e n e ra te  a c e t a l -  
dehyde (96). The enamine 16 formed by d e c a rb o x y la t io n  can
•V S *
r e a c t  by an V f- mechanism w ith  DMAPP. An enamine a l k y l a -  
t i o n  o f t h i s  ty p e  occurs in  th e  th iam in e  c a ta ly z e d  conver­
s io n  o f x y lu lo se -5 -p h o sp h a te  to  sed o h e p tu lo se -7 -p h o sp h a te  
in  th e  t r a n s k e to l a s e  r e a c t i o n  (97)- TPP i s  f i n a l l y  re g e n e ­
r a t e d  by r e l e a s e  of th e  te n -c a rb o n  i r r e g u l a r  te rp e n e  *
The r e l e a s e  o f a ca rbony l compound from th e  C-2 p o s i t io n  
of th iam in e  i s  seen  in  th e  a l c o h o l ic  fe rm e n ta t io n  pathway 
when a c e ta ld eh y d e  i s  r e l e a s e d  from 2 -h y d ro x y e th y lth iam in e  
(97)* The con ve rs io n  o f 5 , 6 -d ih y d ro a r te m is ia  ketone to  
th e  n a t u r a l l y  o c c u rr in g  a , j3 -unsa tu ra ted  d e r iv a t i v e  i s  
s i m i l a r  to  f l a v i n  o x id a t io n s  of o th e r  b i o l o g ic a l  compounds 
The o x id a t io n  o f s u c c in a te  to  fum ara te  (9&) i s  one example 
o f such an o x i d a t i o n .
To beg in  examining th e  f e a s i b i l i t y  o f t h i s  pathway, 
L - le u c in e - [U - ^ C ]  was fe d  to  p la n ts  o f A. annua f o r  two 
d i f f e r e n t  tim e i n t e r v a l s ,  f o r t y - e i g h t  and t h i r t y - s i x
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h o u rs .  The o i l  i s o l a t e d  from each fe e d in g  co n ta in ed  a 
c o n s ta n t  p e rcen tag e  of r a d i o a c t i v i t y .  S im i la r ly ,  t h e r e  
was no s i g n i f i c a n t  d i f f e r e n c e  in  th e  p e rcen tag e  of r a d i o ­
a c t i v i t y  found in  a r t e m is ia  ketone i s o l a t e d  from th e  two 
o i l s .  The r e s u l t s  o f th e s e  fe e d in g s  (Table 5> Page 7 6 ) 
a r e  comparable to  th e  d a ta  r e p o r te d  f o r  e a r l i e r  work w i th  
MVA in  A . ’annua .
N e i th e r  3 -m e th y lb u ta n a l  nor 3 -n ie th y lbu tano ic  a c id  
was d e te c te d  in  th e  o i l .  E a r l i e r  work on le u c in e  metabo­
l ism  in  P ro teu s  v u lg a r i s  r e p o r te d  th e  i s o l a t i o n  of 
3 -m e th y lb u tan a l  from th e  organism  v ia  th e  2 , 4 - d i n i t r o -  
pheny lhydraz ine  d e r iv a t i v e  (113)*
P ro sp e c ts  f o r  L -v a l in e  as a s u b s t r a t e  f o r  a r t e m is i a  
ketone b io s y n th e s i s  were tw o - fo ld .  The v a l in e  s k e le to n  
i s  a p re c u rs o r  of le u c in e  a s  shown in  th e  b io s y n th e t ic  
scheme of F ig u re  25 (102). The a - k e to a c id  d e r iv a t i v e  of 
v a l in e  i s  combined w ith  a c e t a t e  to  g iv e  a seven -carbon  
d ia c id .  The le u c in e  s k e le to n  i s  formed by d e c a rb o x y la t io n  
o f th e  ca rbo xy l group from v a l in e .  The r e s u l t i n g  a - k e t o i -  
so cap ro ic . a c id  can e n te r  th e  pathway to  a r t e m is i a  ketone 
as  proposed in  F ig u re  24*
S econdly , v a l in e  can be o x id a t iv e ly  deam inated to  
3 ,3 -d i in e th y la c ry l ic  a c id  as  proposed by Suga (23)
(F igu re  6 ) .  Subsequent r e d u c t io n  o f th e  a c id  to  th e  
aldehyde would a llow  th e  v a l in e  s k e le to n  a more d i r e c t
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F i g u r e '25. E n try  of th e  v a l i n e  s k e le to n  i n t o  le u c in e  
pathw ay,
92
e n t r y  i n t o  th e  a r t e m i s i a  ke tone  pathway.
R e s u l t s  (T ab le  5) o f th e  two f e e d in g  ex p e rim en ts  
w i th  v a l i n e  d id  n o t  p o in t  to  a d i r e c t  invo lvem ent i n  th e  
pathway. A lthough th e  l a b e l  i n  a r t e m i s i a  ke tone  r e p r e ­
s e n te d  a  l a r g e r  p ro p o r t io n  o f th e  t o t a l  r a d i o a c t i v i t y  o f  
th e  o i l ,  th e  p e rc e n ta g e  o f  l a b e l  in c o rp o r a te d  from  t h i s  
amino a c id  was o f th e  same l e v e l  a s  l e u c i n e .  In  f a c t ,  
o i l s  from  f e e d in g s  w i th  e i t h e r  amino a c id  c o n ta in e d  such  
low amounts o f  r a d i o a c t i v i t y  t h a t  i t  can be concluded  
t h a t  e i t h e r  th e s e  compounds a r e  d i v e r t e d  f o r  use in  o th e r  
pathw ays, o r  t h a t  th e  cha rged  amino a c id s  a r e  u n ab le  to  
be t r a n s p o r t e d  i n t o  th e  p la n t  c e l l  .
To examine th e  l a t t e r  p o s s i b i l i t y ,  L -a -h y d ro x y is o -  
c a p ro ic  a c i d - [ U - ^ C ]  20 was p re p a re d  by a  c l a s s i c a l  p ro ­
cedure  (75 ) from  L - le u c in e -C U -^ C ] .  D eam ination  was 
shown (91) to  p ro ceed  by an S jjl mechanism, and th e  
a - c a r b o x y la te  group  was a t t r i b u t e d  to  th e  m ain tenance  o f  
c o n f ig u r a t io n .  Once t r a n s p o r t e d  in s id e  th e  c e l l ,  th e  
a -h y d ro x y  a c id  sh o u ld  be e a s i l y  c o n v e r ted  by p la n t  
enzymes t o  an  a - k e to a c id  (F ig u re  26). Two enzymes, 
L-amino a c id  o x id a s e ,  a f l a v i n - c o n t a i n i n g  enzyme (101), 
and L -a -h y d ro x y  a c id  o x id a se  (106, 107) a r e  known to  
c a ta ly z e  th e  o x id a t io n  r e a c t i o n  .
I n i t i a l  r e s u l t s  (Table  5) from  th e  f e e d in g  e x p e r i ­
ment w i th  L -h y d ro x y iso c a p ro ic  a c i d - [ U - ^ C ]  showed a r e l a -
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F ig u re  26. ct-Hydroxy a c id s  as  s u b s t r a t e s  f o r  A. annua
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• t i v e l y  h igh  amount of l a b e l  in  th e  o i l  (0 .624$) and a la rg e  
amount of r a d i o a c t i v i t y  in  a r te m is ia  ketone (0 .24 5 $ ) .
These r e s u l t s  a r e  much h ig h e r  th an  those  observed by 
Banthorpe and Charlwood (49) and Suga, e t  a l#  (50) f o r  
feed in g  experim ents w ith  MVA- Typica l va lu es  f o r  in c o r ­
p o ra tio n s  of mevalonoid s u b s t r a t e s  in to  a r te m is ia  ketone 
by A, annua a re  g iven below:
R eference S u b s t r a te  $
49 MVA 0.001
50 » 0.001
51 ft 0.04
51 IPP 0.81
51 DMA.PP 0.12
51 g e ra n io l 0.06
Was th e  e f f i c i e n t  in c o rp o ra t io n  of L -a -hy d roxy iso -  
cap ro ic  a c id  due to  i t s  p a r t i c i p a t i o n  in  th e  non-mevalo- 
no id  pathway and l a b e l l i n g  o f  th e  D u n i t?  This q u es tio n  
could only  be answered by d e g rad a t io n  o f a r te m is ia  ketone .
Potassium  permanganate i s  th e  c l a s s i c a l  re ag en t f o r  
degrading  compounds co n ta in in g  double bonds (103)* Under 
s ta n d a rd  c o n d i t io n s ,  a r te m is ia ^ k e to n e  r e le a s e d  only one 
fragm ent of C -6 ,7 ,3  as ace to n e  w hile  th e  rem aining f r a g ­
ment eluded a t te m p ts  a t  c h a r a c t e r i s a t i o n .
A procedure  fo r  o x id iz in g  o l e f in i c  double bonds in
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an  aqueous s o lu t io n  of p e r io d a te  c o n ta in in g  c a t a l y t i c  
amounts o f permanganate was r e p o r te d  by Lemieux and 
von R u d lo ff  (105)* Under th e s e  c o n d i t io n s  a l s o ,  a r t e m is i a  
ketone  r e l e a s e d  one mole o f  a c e to n e ,  w h ile  th e  rem ain ing  
fragm ent cou ld  not be i d e n t i f i e d *  A p p aren tly , th e  k i n e t i c s  
of th e  a c e to n e  fo rm a tio n  a llow ed  t h a t  fragm en t to  be 
r e le a s e d  b e fo re  th e  te rm in a l  m ethylene r e a c t e d .  The n a tu r e  
o f th e  rem ain ing  sev en -ca rb o n  fragm ent p re v en ted  f u r t h e r  
o x id a t io n  *
To r e a c t  b o th  o l e f i n i c  bonds o f a r t e m is i a  ke ton e , 
i t  was n e c e s s a ry  to  t r e a t  th e  m olecule i n i t i a l l y  w ith  
c o ld ,  d i l u t e  perm anganate, fo llo w ed  by c leav age  of th e  
r e s u l t i n g  d i o l s  w ith  p e r io d a te  (F igu re  27, R eac tio n  1 ) .  
A rte m is ia  ke tone  from th e  L -a-hydroxy  a c id  fe e d in g  was 
degraded in  t h i s  manner. Formaldehyde was e a s i l y  i d e n t i ­
f i e d  and counted  as  th e  dimedone d e r iv a t iv e  - Acetone 
y ie ld e d  a w h i te ,  c r y s t a l l i n e  compound w ith  4 -phen y lsem i-  
ca rb azo n e . The rem ain ing  fragm en t was o x id iz e d  t o  th e  
d ia c id  and d ec a rb o x y la ted  to  y i e l d  carbon d io x id e  and 
i s o b u ty r i c  a c i d .  R e su l ts  o f  t h i s  d e g ra d a t io n  showed th e  
m a jo r i ty  o f  th e  l a b e l  (S9$) t o  be found in  th e  i s o b u ty r i c  
a c id  fragm ent composed of C -2 ,3 ,9  and 10*
The d e g ra d a t io n  i n d i c a t e s  two c o n c lu s io n s :  a )  th e
a-hydroxy  a c id  was in c o rp o ra te d  i n to  th e  I  u n i t  of a r t e ­
m is ia  ke tone  in  a manner s i m i l a r  to  m evalonoid s u b s t r a t e s
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F igure  27# D egradation  of a r t e m is i a  ketone  by two m ethods.
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and b) th e  s u b s t r a t e  was degraded  and r e in c o r p o r a t e d  as  
fra g m en ts  because  C -l o f  a r t e m i s i a  k e to n e  from t h i s  e x p e r i ­
ment c o n ta in e d  l e s s  th a n  1fa o f  th e  l a b e l .  I f  th e  s i x -  
carbon  s u b s t r a t e  were d i r e c t l y  c o n v e r te d  to  a f iv e - c a r b o n  
m evalonoid  u n i t ,  each ca rbon  sh o u ld  c o n ta in  o n e - f i f t h  of 
th e  t o t a l  l a b e l  in  th e  I  u n i t -
As o u t l in e d  i n  F ig u re s  15 and 16 (Pages 41 and 4 2 ) ,  
th e  c o n v e rs io n  o f  le u c in e  to  HMG CoA and IPP i s  w ell-know n 
in  c a ro te n o id  b io s y n th e s i s  (SO -  S7)* Thus, i t  m ight be 
ex p e c ted  t h a t  a p o r t io n  o f  th e  s u b s t r a t e  would be d iv e r t e d  
t o  th e  m evalonoid  pathway. The n e x t  two fe e d in g  e x p e r i ­
ments were d e s ig n ed  to  b lo c k  e n t r y  of th e  l a b e l  i n t o  th e  
I  o r  m evalonoid  pathway and r e s t r i c t  t h e  s u b s t r a t e  t o  th e  
proposed ID pathway. This would be accom plished  by su p p ly in g  
th e  p la n t  s im u lta n e o u s ly  w ith  th e  l a b e l l e d  s u b s t r a t e s  and 
co ld  MVA.
Thus, a l l  m evalonoid  poo ls  would be f i l l e d  w i th  
s u b s t r a t e s ,  b lo c k in g  e n t r y  o f  th e  f ra g m en ts  of th e  
l a b e l l e d  hydroxy a c id s  i n t o  th e  m evalonoid  pathway. The 
a p p l i e d  s u b s t r a t e s  would n o t be s u b je c te d  to  d e g ra d a t io n  
and r e i n c o r p o r a t i o n  o f  f rag m en ts  v ia  MVA, b u t  d i r e c t e d  
tow ards th e  proposed non-m evalonoid  pathway. The a p p e a r ­
ance o f an  even h ig h e r  l e v e l  o f in c o rp o r a t io n  in  a r t e m is i a  
k e to n e ,  under th e s e  c o n d i t io n s ,  would a f f i r m  th e  non-m eva- 
lo n o id  pathway from  a m e tab o lic  p o in t  o f  v iew .
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U n fo r tu n a te ly ,  h igh  in c o rp o ra t io n  seen i n i t i a l l y  
w ith  a -h y d ro x y iso cap ro ic  a c id  was not re p e a te d  when MVA 
was added to  the  n u t r i e n t  s o lu t io n  of two d i f f e r e n t  sub­
s t r a t e s ,  a -h y d ro x y iso cap ro ic  a c id  and a -h y d ro x y iso v a le r ic  
a c id ,  a v a l in e  an a lo g . I t  i s  p o s s ib le  t h a t  the  lower 
in c o rp o ra t io n  i s  due to  r e g u la t io n  of a r te m is ia  ketone 
b io s y n th e s is  by excess MVA {117)*
In  th e se  two experim en ts , a r te m is ia  ketone d e r iv ed  
from a-h y d ro x y iso cap ro ic  a c id  in c o rp o ra te d  0.012$ of the  
l a b e l  and t h a t  d e r iv ed  from a -h y d ro x y iso v a le r ic  a c id  
in c o rp o ra te d  0.051$ o f th e  l a b e l .  I t  should  be noted  th a t  
in c o rp o ra t io n  of th e  v a l in e  d e r iv a t iv e  i s  fo u r  t im es  t h a t  
o f th e  le u c in e  d e r iv a tiv e *  This amount i s  s t i l l  one o rder 
o f magnitude lower th an  th e  in c o rp o ra t io n  of a -h y d ro x y iso ­
cap ro ic  a c id  fed  under normal co n d it io n s -  A comparison 
o f s u b s t r a t e s  under th e  d is tu rb e d  c o n d it io n s  of th e s e  two 
experim ents shows t h a t  th e  v a l in e  an a lo g , a -h ydroxy isova­
l e r i c  a c id ,  i s  a much b e t t e r  p r e c u r s o r -
A d eg rad a tio n  was ca rr ied , out. .on..a sample of a r t e ­
m is ia  ketone i s o l a t e d  from th e  e s s e n t i a l  o i l s  from fe ed in g s  
of a -h yd rox y isocap ro ic  a c id  and a -h y d ro x y iso v a le r ic  a c id  
combined w ith  u n la b e l le d  MVA. I t  was n ec essa ry  to  combine 
th e  o i l s  t o  o b ta in  a r te m is ia  ketone of h igh  s p e c i f i c  a c t i ­
v i t y .  The method (106) f o r  t h i s  d e g rad a tio n  was d esc r ib ed  
by Charlwood (90) and o b ta in ed  from a pe rso n a l communica-
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t i o n  w ith  P ro fe s so r  Banthorpe. The molecule was degraded 
hy co n c en tra ted  aqueous permanganate a t  room tem pera tu re  
fo llow ed by a second a l iq u o t  of permanganate . A f te r  
s t i r r i n g  f o r  f iv e  hours , th e  fragm ents in d ic a te d  in  th e  
second r e a c t io n  of F igure  '27 were i s o l a t e d -  The m a jo r i ty  
{$2%)  of th e  r a d i o a c t i v i t y  was lo c a te d  in  th e  is o b u ty r ic  
a c id  fragm en t. A sm all amount of d im ethyl malonate 
remained which d id  not d eca rb o x y la te ,  and t h i s  compound 
con ta ined  9*6$ of the  l a b e l .  At l e a s t  91*6$ of th e  l a b e l  
from th e se  experim ents was found in  th e  same carbons a s  in  
th e  prev ious d e g ra d a t io n s .
Again, th e  r e s u l t s  in d ic a te d  t h a t  th e  l a b e l  i s  
in c o rp o ra te d  v ia  a mevalonoid pathway w ith  th e  l a b e l  p re ­
dom inating in  th e  I  u n i t -  The experim ents u s ing  amino 
a c id s  and t h e i r  analogues were unable to  l a b e l  th e  D .u n it  
o f  a r te m is ia  ketone by th e  proposed pathway-
The n ex t feed in g  experim ent was done w ith  1 6 ,  a sub­
s t r a t e  c lo s e r  to  th e  p roduct of th e  proposed pathway#
The 2 -a lk y l  th iam ine d e r iv a t iv e  16 should  be a s p e c i f ic  
p re cu rso r  f o r  th e  D u n i t  o f a r te m is ia  ketone and r e s u l t  
in  e f f i c i e n t  in c o r p o r a t io n . To o b ta in  l a b e l l e d  16, i t  was 
n ec essa ry  t o  develop a s y n th e t ic  scheme to  l a b e l l e d
3-m ethylbutanal»  A number of r e a c t io n s  were a ttem pted  as 
p o t e n t i a l  ro u te s  to  r a d io - l a b e l l e d  3 -m e th y lb u ta n a l . The 
f i r s t  a ttem p ted  r e a c t io n  was a 1 ,4 -G rignard  w ith  c r o to n a l -
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dehyde a s  s t a r t i n g  m a t e r i a l .  Cuprous c h lo r id e  was used  to  
c a t a ly s e  th e  1 , 4 - a d d i t i o n  o f methylmagnesium b r o m id e - [ ^ C ]  . 
T h is  c a t a l y s t  was f i r s t  used  by  K harasch and Tawney ( 6S) 
t o  d i r e c t  a d d i t i o n  o f  methylmagnesium bromide t o  th e  
p - p o s i t i o n  o f  iso p h o ro n e  in  BOfo y i e l d .  However, th e  a l d e ­
hyde f u n c t io n  o f  c ro to n a ld e h y d e  proved to o  r e a c t i v e  and 
th e  1 , 2- a d d i t i o n  p ro d u c t ,  3 - p e n te n e - 2- o l ,  p redom inated  a s  
had been  p r e v io u s ly  r e p o r t e d  i n  r e l a t e d  system s (6 9 )* 
S u c c e s s f u l  1 ,4 - a d d i t i o n  r e a c t i o n s  w i th  c i t r a l  and  a l k y l -  
copper l i t h i u m  have been r e c e n t l y  r e p o r t e d  to  p roceed  in  
60 -  9 C$ y i e l d  (9 2 ) .
F u r th e r  a t t e m p ts  t o  s y n th e s i s e  r a d io a c t i v e  3 -m e th y l-  
b u ta n a l  in v o lv e d  th e  H - t -b u ty l im in e  d e r i v a t i v e  of c r o t o n a l ­
dehyde. I t  was r a t i o n a l i s e d  t h a t  th e  in c r e a s e d  b u lk  a t  
t h e  im ine p o s i t i o n  would d i r e c t  th e  n u c l e o p h i l i c  a t t a c k  
o f  methylmagnesium bromide to  th e  p - p o s i t i o n .  Such a d d i ­
t i o n s  o f  l a r g e r  G rig nard  r e a g e n ts  had been s u c c e s s f u l  
w i th  N - t -b u ty lc ro to n im in e  (7 0 ) .  However, th e  low y i e l d  of
3 -m e th y lb u ta n a l  by t h i s  method re n d e re d  th e  r e a c t i o n  
u n d e s i r a b le  f o r  r a d i o a c t i v e  w ork . The in h e r e n t  r e a c t i v i t y  
o f  th e  r a d i o a c t i v e  s t a r t i n g  m a t e r i a l ,  methylmagnesium b r o ­
mide, made th e  t a s k  o f s e p a r a t in g  th e  sm a l l  amount o f 
d e s i r e d  p ro d u c t  from  o th e r  r a d io a c t iv e  p ro d u c ts  n ex t  to  
im p o ss ib le  •
An e s t e r ,  e th y l  3 -m e th y l -2- b u t e n o a te , and an  a i d e -
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hyde, 3 -n ie th y l -2- b u t e n a l ,  were th e n  s tu d ie d  a s  s u b s t r a t e s  
f o r  y -h yd rog en  exchange w i th  t r i t i a t e d  w a te r .  A f te r  t r i ­
t iu m  was in t ro d u c e d  i n t o  th e  m o lecu le ,  i t  co'uld be redu ced  
t o  3 - in e th y lb u ta n o l  fo l lo w e d  by o x id a t io n  to  3 -m e th y lb u -  
ta n a l - [A )5 -^ H ] .  However, model s t u d i e s  w ith  d eu te r iu m  
ox id e  showed t h i s  method t o  be an  i m p r a c t i c a l  r o u t ' ,  bf.iod 
on t h e  i n a b i l i t y  t o  p re p a re  m a t e r i a l s  o f  h ig h  s p e c i f i c  
a c t i v i t y *
The a ld e h y d e ,  3 -n ie th y lb u ta n a l ,  was f i n a l l y  p re p a red  
i n  good y i e l d  and h ig h  s p e c i f i c  a c t i v i t y  in  a m u l t i - s t e p  
s y n t h e t i c  scheme* A G rignard  r e a g e n t  p re p a re d  from
l-b ro m o -2-m e th y lpropane was r e a c t e d  w i th  barium  c a rb o n a te -
[14C] t o  g iv e  3 -m e th y lb u ta n o ic  acid* R ed u c tio n  o f th e  
a c id  w i th  Red-Al r e s u l t e d  in  fo rm a tio n  of 3 -ro e th y lb u ta n o l ,  
w hich co u ld  be e a s i l y  i s o l a t e d  from  r e s i d u a l  a c id -  The 
a ld eh y d e  was o b ta in e d  by  o x id a t io n  o f th e  a l c o h o l  w i th  
chromium t r i o x i d e  and p y r id in e .
Once th e  r a d i o a c t i v e  a ldeh yde  was p re p a re d ,  i t  was 
p o s s ib le  t o  s y n th e s i z e  l a b e l l e d  16 t o  use a s  a s u b s t r a t e  
f o r  A, annua . The o v e r a l l  r e a c t i o n  sequence from  barium  
c a r b o n a t e - [ ^ C ]  i s  shown i n  F ig u re  2 3 . Due t o  th e  v o l a ­
t i l i t y  o f  3 -m e th y lb u ta n a l ,  i t  was im p o ss ib le  t o  remove 
th e  s o lv e n t s  (d ich lo ro m eth an e  and e t h e r )  used  i n  th e  o x i ­
d a t i o n  r e a c t i o n  w i th o u t  s im u ltan e o u s  l o s s  o f p roduct*
R e a c t io n  t im e s  o f tw e n ty - fo u r  hours  com pensated f o r  th e
1 0 2
Br
1) Mg
2) *C 0 2
C 0 2 h
1R e d -A I
r r
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C r 0 3
P y r id ine
OH
HO OH
Py =Pyrimidine
F igure  23, S y n th esis  of 16 *
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p re se n ce  o f  a d d i t i o n a l  s o lv e n t s  ( e th a n o l ,  d ic h lo ro ra e th a n e , 
e t h e r }*
The l e v e l  o f  i n c o r p o r a t io n  o f  16 f o r  two s e p a r a te  
f e e d in g  ex p e rim en ts  w ith  A. annua was 0 ,019 and 0 .0 0 9 9 $ . 
Assuming t h a t  th e  enzyme s e l e c t s  one of th e  two s t e r e o i ­
somers composing th e  racem ic  m ix tu re  f e d  to  th e  p l a n t ,  
th e  a c t u a l  amount o f i n c o r p o r a t io n  o f 16 i s  between 0 . 033 
and 0 .0 2 0 $ . O ther te rp e n e s  o f  th e  o i l  c o n ta in e d  compar­
a b le  amounts o f  l a b e l .  For exam ple, 1 ,3 - c in e o le  c o n ta in e d
0 . 025$ and a r t e m i s i a  a l c o h o l  c o n ta in e d  0 . 029$  of th e  l a b e l .
Also i s o l a t e d  from  th e  e s s e n t i a l  o i l  were 3 -m e th y l-  
b u ta n o ic  a c id  and 3 - m e th y lb u ta n a l . S ince  16 was found to  
be s t a b l e  under c o n d i t io n s  o f s team  d i s t i l l a t i o n  and 
workup, i t  i s  p roposed  t h a t  th e s e  compounds a r o s e  from  
enzym atic  a c t i o n  on 16 t o  r e l e a s e  3 -m e th y lb u ta n a l ,  which 
was th e n  o x id iz e d  t o  3 -m e th y lb u ta n o ic  a c id .  I t  i s  p ro b a ­
b le  t h a t  16 was t r a n s p o r t e d  to  a m etabo lism  s i t e  w i th in  
th e  p l a n t  and was r e c o g n is e d  by an  enzyme cap ab le  o f  c a t a ­
ly z in g  th e  r e l e a s e  o f th e  s id e  c h a in .
N e i th e r  3 -m e th y lb u ta n a l  no r 3 -m e th y lb u ta n o ic  a c id  
has been r e p o r t e d  a s  norm al components in  th e  e s s e n t i a l  
o i l  o f  A, annua . R ep o rts  o f th e s e  compounds in  o th e r  
a ro m a tic  p l a n t s  a r e  num erous. The a ld ehy de  has been 
observed  in  American and F rench  pepperm int o i l s ,  in  o i l  
o f E u ca ly p tu s  g lo b u lu s ,  Java c i t r o n e l l a  and E a s t  In d ia n
1 0 4
sandalw ood. The a c id  occu rs  in  o i l  o f  v a l e r i a n ,  c i t r o -  
n e l l a ,  c y p re s s ,  spearm int- and l a u r e l  le a v e s  (99)- I t  was 
a l s o  r e p o r t e d  a s  one of th e  m ajor c o n s t i t u e n t s  o f  s e v e r a l  
s p e c ie s  o f S i b e r i a n  A r te m is ia  (1 00 ).
I t  was hoped t h a t  i n c o r p o r a t io n  l e v e l s  r e l a t i v e l y  
h ig h e r  th a n  th o s e  seen  w i th  MVA cou ld  be a c h ie v e d  by 
su p p ly in g  th e  p l a n t  w ith  a s u b s t r a t e  c l o s e r  t o  th e  end 
p o in t  o f  th e  a r t e m i s i a  k e to n e  pathway th a n  MVA. One p o s s i ­
b i l i t y  was t h a t  low l e v e l  i n c o r p o r a t io n  was due t o  d e g ra ­
d a t io n  and r e in c o r p o r a t i o n  o f  f ra g m en ts  o f th e  r e l e a s e d  
i s o v a l e r y l  s id e  chain* A s in g l e  c o n c lu s io n  was a p p a re n t  
from  th e  i n i t i a l  ex p e rim en ts  w i th  The s u b s t r a t e
a p p l i e d  exog enou sly  d id  n o t  have d i r e c t  o r  p r e f e r e n t i a l  
a c c e s s  t a  th e  b i o s y n t h e t i c  pathway of a r t e m i s i a  ke tone  «.
An a n a lo g  o f 1 6 2 - ( l - h y d ro x y -3 -m e th y lb u ty l -  
[ l - I ^ C ] - 4 - m e th y l - 5 - ( 2 - h y d r o x y e th y l ) th ia z o le  17, was th e n  
t r i e d  a s  a  s u b s t r a t e  f o r  A. annua i n  a n o th e r  a t te m p t  t o  
d i r e c t  th e  l a b e l  to  th e  a r t e m i s i a  ke tone  p a th w a y .
Because th e  p o s i t i v e  charge  a t  n i t r o g e n  in  th e  t h i a z o l e  
r i n g  was no lo n g e r  p r e s e n t ,  i t  was b e l ie v e d  t h a t  12 would
4
be s t a b l e  to  enzym atic  c a t a l y s i s  o f th e  r e l e a s e  of th e  
i s o v a l e r y l  s id e  c h a in  ( l l £ ) .  Thus, any  s i g n i f i c a n t  
i n c o r p o r a t io n  o f  l a b e l  would p roceed  th ro u g h  e n t r y  o f  th e  
t h i a z o l e  in te rm e d ia te  i n to  th e  D pathw ay. At th e  same
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t im e ,  th e  la c k  o f  p o s i t i v e  charge  a t  n i t r o g e n  a l s o  would 
p re v e n t  th e  r e l e a s e  o f  th e  monoterpene s id e  ch a in  from  th e  
t h i a z o l e  m o ie ty  r e s u l t i n g  in  a new p ro d u c t  19,
T h ia z o le  17 was p re p a re d  e a s i l y  by sodium s u l f i t e  
c leav ag e  of th e  p y r im id in e  r i n g  from  16. S y n th e s is  o f 
th e  new p la n t  p ro d u c t 19 i s  shown in  F ig u re  29. The p ro -  
posed mechanism f o r  th e  b i o s y n t h e s i s  o f  19 i s  shown in  
F ig u re  3 0 .
I t  ap p ea red  u n l i k e l y  t h a t  19 would be a component 
o f  th e  s t e a m - d i s t i l l e d  e s s e n t i a l  o i l  o f th e  p l a n t  mace­
r a t e .  An a l t e r n a t i v e  p ro ced u re  f o r  i s o l a t i o n  of th e  t e r ­
penoid  p l a n t  p ro d u c ts  t h a t  would in c lu d e  19 was d ev e lo p e d . 
The p r o f i l e  o f  t e rp e n e s  i n  th e  e t h e r e a l  o i l  i s o l a t e d  by 
t h i s  a l t e r n a t e  e tho d  was i d e n t i c a l  to  th e  components of 
th e  s t e a m - d i s t i l l e d  o i l ,  and 19 was s t a b l e  under c o n d i­
t i o n s  o f  i s o l a t i o n  .
The r e s u l t i n g  e t h e r e a l  o i l  c o n ta in e d  64$ o f  th e  
a p p l i e d  s u b s t r a t e  17* The mixed t e r p e n o id  f r a c t i o n  in c o r -  
p o ra te d  0 . 003$  o f  th e  l a b e l ,  w h ile  th e  band co rre sp o n d in g  
t o  19 c o n ta in e d  0 .014$ o f  th e  l a b e l -  The method o f  TLC 
s e p a r a t i o n  employed f o r  th e  o i l  c o n s i s t e n t l y  y i e ld e d  h ig h  
background due t o  th e  p re se n ce  o f  th e  h ig h  s p e c i f i c  a c t i ­
v i t y  s u b s t r a t e  17* Mass s p e c t r a l  a n a l y s i s  o f th e  o i l  
component c o r re sp o n d in g  t o  19 r e v e a le d  no predom inant 
s t r u c t u r a l  p a t t e r n .  I f  th e  p l a n t  was a b le  to  s y n th e s iz e
F ig u re  29.
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F ig u re  30* B io s y n th e s is  o f 19 .
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19 under c o n d i t io n s  o f  t h e  ex p e r im e n t,  i t  was e i t h e r  
deg raded  d u r in g  i s o l a t i o n  and s to r a g e  o r  p re s e n t  i n  such  
sm a ll  am ounts a s  to  p re c lu d e  a n a ly s i s  .
I s o l a t i o n  of th e  l a r g e  amount of s t a r t i n g  m a t e r i a l  
s u g g e s ts  two p o s s i b i l i t i e s .  F i r s t ,  17 i s  n o t a d a p ta b le  
t o  e x i s t i n g  p la n t  t r a n s p o r t  mechanisms and enzym es.
W hile 17 l a c k s  th e  ch a rg e  and b u lk  of th e  p y rim id in e  r i n g  
found i n  1 6 , th e  m o le c u la r  s i z e  o f b o th  compounds may 
p re v e n t  membrane t r a n s p o r t .  I f  16 o ccu rs  a s  an  in te rm e -  
d i a t e  i n  th e  pathway to  a r t e m i s i a  k e to n e ,  i t  i s  p ro b a b ly  
l o c a te d  w i t h i n  th e  c e l l  and i s  enzyme-bound. Thus, a 
s p e c i f i c  t r a n s p o r t  mechanism from  th e  e x t r a c e l l u l a r  f l u i d  
i n t o  th e  c e l l  would be u n n e c e s s a ry -
Second, th e  p roposed  non-m evalonoid  pathway does n o t 
o p e ra te  v i a  th e  th ia m in e  in t e r m e d ia t e .  The n o n s p e c i f ic  
n a tu re  o f  th e  in c o r p o r a t io n s  o f  16 and 17 does n o t  a l lo w
AM #
a f i rm  c o n c lu s io n  t o  be drawn ab o u t th e  r o l e  o f th ia m in e  
d e r i v a t i v e s  i n  th e  p a th w a y .
The rem a in in g  ex p e r im e n ts  were d i r e c t e d  tow ards 
f i n d in g  a f i v e - c a r b o n  non-m evalonoid  compound t h a t  would 
y i e l d  h ig h  in c o r p o r a t io n  r a t e s  w i th  A. annua . S m a lle r  
compounds sh o u ld  a d a p t  r e a d i l y  t o  p l a n t  t r a n s p o r t  system s 
and may have d i r e c t  a c c e s s  to  th e  b i o s y n t h e t i c  s i t e  which 
th e  l a r g e r  compounds cou ld  n o t  r e a c h  .
The f i r s t  f iv e - c a rb o n  s u b s t r a t e ,  3 -m e th y Ib u ta n a l-
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[ 1- ^ G ] ,  was d i s s o lv e d  in  50fo e th a n o l  b e fo re  s u p p ly in g  th e
c u t  p l a n t s  w i th  th e  s u b s t r a t e -  A lle n  e t  a l .  (51) t r e a t e d  
w a te r - in s o lu b le  compounds in  a s i m i l a r  manner and found 
no t i s s u e  damage o r  d i f f e r e n c e  in  i n c o r p o r a t io n  betw een a 
c o n t r o l  f e e d in g  and one w i th  e th a n o l -  The s u b s t r a t e  was 
f e d  t o  th e  p l a n t s  f o r  two d i f f e r e n t  tim e i n t e r v a l s ,  tw e lv e  
and t h i r t y - s i x  h o u rs . S h o r te r  f e e d in g  t im es  r e s u l t e d  in  
a s l i g h t l y  h ig h e r  p e rc e n ta g e  o f  r a d i o a c t i v i t y  i n  a r t e m i s i a  
ke to n e-  The p e rc e n ta g e  in c o r p o r a t io n  f o r  th e  t h i r t y - s i x  
hour f e e d in g  i s  n e a r  t h a t  r e p o r t e d  f o r  a r t e m i s i a  k e to ne  
w i th  16- This i n d i c a t e s  t h a t  th e  i n c o r p o r a t i o n 'd a t a
r e p o r te d  w i th  16 may, in  f a c t ,  be due to  l a b e l  s u p p l ie d  by
th e  r e l e a s e d  i s o v a l e r y l  s id e  c h a in .
The s h o r t e r  f e e d in g  tim e c o n s id e r a b ly  in c r e a s e d  th e  
amount o f 3 -m e th y lb u ta n a l  r e c o v e re d  in  th e  o i l .  The d i f ­
f e re n c e  in  3 -m e th y lb u ta n a l  c o n te n t  between th e  two o i l s  
i n d i c a t e s  th e  e x i s te n c e  o f  a d e g r a d a t io n  pathway f o r  
3 -m e th y lb u ta n a l-  The p e rc e n ta g e  in c o r p o r a t io n s  o f  th e  
two s e p a r a te  f e e d in g s  a r e  summarized below:
jo 12 h o u rs % 36 hou rs  
0 -1 0 2  
0.0097
o i l 0-213
0 .064
5 .0
a r t e m i s i a  ke tone
3 -m e th y lb u ta n a l 0 . 0 2
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An a r t e m i s i a  ke tone  sample from  th e  3 -m eth y T b u tan a l-  
[ l - ^ C ]  f e e d in g  was deg raded  (Page 9 5 ) t o  d e te rm ine  i f  th e  
l a b e l  was lo c a t e d  in  th e  D u n i t .  The r e s u l t s  i n d i c a t e d  a 
l a b e l l i n g  p a t t e r n  s i m i l a r  t o  t h a t  s e e n  w i th  a-hydroxy  
a c i d s .  The m a jo r i t y  (92$) o f  th e  l a b e l  was lo c a te d  i n  th e  
i s o b u t y r i c  a c i d  fragm en t d e r iv e d  from  th e  I  p o r t io n  of 
a r t e m i s i a  k e to n e .  Again, th e  s u b s t r a t e  was n o t an  e f f i ­
c i e n t  p r e c u r s o r  of th e  p roposed  pathway.
One f i n a l  compound, 3 -m ethy l~ 2- b u t e n a l ,  was t r i e d  
a f t e r  an  e x a m in a tio n  o f th e  o r i g i n a l l y  p roposed  pathway 
(F ig u re  24 ). One o f th e  weak p o in ts  o f  t h a t  pathway i s  
th e  sequence o f  o x id a t io n  o f  5 , 6-d ih y d ro a r te m is ia  k e tone  
t o  th e  a ,p - u n s a t u r a t e d  d e r i v a t i v e .  The 5 ,6 -d ih y d ro  com­
pound has n o t  been  r e p o r t e d  a s  a n a t u r a l l y  o c c u r r in g  com­
pound in  A. annua o r  o th e r  s p e c ie s  t h a t  produce a r t e m i s i a  
k e to n e . An a l t e r n a t i v e  t o  th e  o r i g i n a l  pathway i s  shown 
in  F ig u re  31* Tn t h i s  p ro p o s a l  th e  a l k y l  s id e  c h a in  i s  
c lea v ed  from  16 and o x id iz e d  fo llo w ed  by fo rm a tio n  o f  a
2 -a lk e n y l th ia ra in e  d e r i v a t i v e .  This compound now r e a c t s  
w ith  DMAPP t o  d i r e c t l y  form  a r t e m is i a  ke tone  -
The f i r s t  r e a c t i o n  i n  which th e  a l k y l  s id e  ch a in  i s  
c leav ed  from  th iam in e  was shown to  e x i s t  in  th e  fe e d in g  
experim en t w i th  16 where s i g n i f i c a n t  amounts o f 3 -m e th y l-  
b u ta n a l  were i s o l a t e d  i n  th e  o i l . To examine th e  p o s s i ­
b i l i t y  o f th e  o x id a t io n  s t e p  o c c u r r in g  a t  th e  p o in t  shown
I l l
!
IT
F igure  31. B io sy n th e s is  of a r te m is ia  ketone *
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i n  F igu re  31, th e  a ld eh y d e , 3 - m e t h y l - 2 - b u t e n a l - [ l - 1^C]
•was fe d  to  th e  p l a n t s .  However, th e  amount of r a d i o a c t i ­
v i t y  (500 dpm, 0 ,35$) was n o t g r e a t  enough to  a l lo w  d eg ra ­
d a t io n  o f th e  sample to  de term ine  l a b e l  lo c a t io n  -
A summary of th e  r e s u l t s  o f in c o rp o r a t io n  s t u d i e s  
o f v a r io u s  s u b s t r a t e s  a s  p re c u rs o rs  t o  a r te m is ia  ke tone  
r e v e a l s  no s o l i d  ev idence  f o r  th e  p a r t i c i p a t i o n  o f t h i a ­
mine d e r iv a t i v e s  in  th e  D u n i t  o f  a r t e m i s i a  k e to n e .
N e i th e r  16 nor 17 i s  an  e f f i c i e n t  D recurso r of a r t e m is ia  
k e to n e . In  f a c t ,  r e s u l t s  o f  l a t e r  experim en ts  w i th
3 -m e th y lb u ta n a l  i n d i c a t e  t h a t  th e  in c o rp o r a t io n  o f l a b e l  
from 16 i s  due to  th e  a ldehyde a lo n e  . The amino a c id s ,  
le u c in e  and v a l i n e ,  a r e  a l s o  poor s u b s t r a t e s  f o r  a r te m is ia  
ketone because  th e y  a re  n o t t r a n s p o r te d  in to  th e  c e l l ,
The b e s t  s u b s t r a t e  was a -h y d ro x y iso c a p ro ic  a c id .  The 
experim en ts  i n  which th e  p la n t s  were dosed w ith  u n la b e l le d  
MVA d id  n o t r e s u l t  i n  h igh  l e v e l s  o f in c o r p o r a t io n ,  p roba­
b ly  due t o  s h u t t in g  down o f th e  pathway by h igh  l e v e l s  o f 
MVA. In  t h i s  c a se ,  a - h y d ro x y is o v a le r ic  a c id  was a  b e t t e r  
s u b s t r a t e  th a n  a -h y d ro x y iso c a p ro ic  a c i d .
D egrada tion  of a r t e m is i a  ketone to  lo c a te  th e  l a b e l  
c o n t r ib u te s  a d d i t i o n a l  in fo rm a tio n  ab o u t the  use o f  th e s e  
s u b s t r a t e s  i n  te rp e n o id  b io s y n th e s i s .  F i r s t ,  a l l  samples 
o f  a r t e m is i a  ketone  a r e  a sy m m e tr ic a l ly  l a b e l l e d  . The 
r a t i o s  o f l a b e l  found in  th e  I  and D u n i t s  f o r  v a r io u s
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s u b s t r a t e s  a re  summarized below:
S u b s tra te I D $
1 . 3 -m e th y lb u tan a l 93 6
2 . a -h y d ro x y iso cap ro ic  a c id 39 7
3 . a -h y d ro x y iso cap ro ic  a c id  and
a -h y d ro x y is o v a le r ic  a c id  w ith  MVA 93 5
The d i s t r i b u t i o n s  of th e  l a b e l  in  th e se  samples o f a r te m i-  
s i a  ketone a re  s im i l a r  to  the  r e s u l t s  c i t e d  in  Table 3 f o r  
mevalonoid s u b s t r a te s  -
A second co n c lu s io n  from th e  d e g rad a t io n  concerns 
th e  m etabolism  of th e  s u b s t r a t e s  b e fo re  in c o rp o ra t io n  of 
th e  l a b e l .  C onsiderab le  scram bling  o f th e  l a b e l  occurs 
f o r  each s u b s t r a t e .
A pathway which e x p la in s  th e  metabolism  and r e in c o r ­
p o ra tio n  o f  a -h y d ro x y iso cap ro ic  a c id  was d iscu ssed  in  the  
in t ro d u c t io n  (Page 4 0 ) .  F igu res  15 and 16 o u t l in e  th e  
convers ion  of le u c in e  t o  HMG CoA and subsequent c leavage  
of HMG CoA to  a c e to a c e ta te  and a c e t a t e .  These two com­
pounds a r e  then  recombined in  a s p e c i f i c  manner t o  form 
a second molecule of HMG CoA. The s u b s t r a t e ,  a-hydroxy­
is o c a p ro ic  a c id ,  e n te r s  th e  pathway (F igure  15), a f t e r  
o x id a t io n  to  a -k e to is o c a p ro ic  a c id ,  and convers ion  to  
HMG CoA in  a normal f a s h io n  fo llow s - HMG CoA i s  th en  
cleaved and th e  u n i t s  o f  a c e to a c e ta te  and a c e t a t e  r e a r -
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ra n g e d .  In  th e  ca se  o f  a -h y d ro x y is o c a p ro ic  a c i d ,  th e  
d o t te d  ca rbon  i n  th e  f i g u r e s  i s  u n l a b e l l e d ,  w h ile  th e  
re m a in in g  ca rbons  a r e  l a b e l l e d .  Thus, th e  second m ole­
c u le  o f  HMG CoA form s IPP w i th  u n l a b e l l e d  C - l .  The 
v a l i d i t y  o f  t h i s  pathway i s  confirm ed  by th e  e x p e r im e n ta l  
r e s u l t s  o f  th e  d e g r a d a t io n  w hich  showed C -l  o f  a r t e m i s i a  
ke tone  t o  c o n ta in  o n ly  0 .7 $  o f  th e  l a b e l .
The asym m etric  i n c o r p o r a t io n  o f C - l  o f  3 -m e th y lb u -  
t a n a l - [ l - ^ C ]  i s  n o t  a s  s im p le  t o  a c c o u n t  f o r -  I f  th e  
same r a t i o n a l e  i s  used  f o r  t h i s  s u b s t r a t e  a s  f o r  a -h y d ro x y ­
i s o c a p r o ic  acid!, 3 -m e th y lb u ta n a l  would e n t e r  th e  pathway 
(F ig u re  15) a f t e r  o x id a t io n  t o  3 -m e th y lb u ta n o ic  a c id  and 
e s t e r i f i c a t i o n  t o  CoASH. I f  HMG CoA i s  d i r e c t l y  c o n v e r te d  
t o  IPP, th e n  a l l  o f  th e  l a b e l  r e s i d e s  i n  C -l  o f  IPP and 
f i n a l l y  i n  C - l  o f  a r t e m i s i a  k e to n e .  E x p e r im e n ta l ly ,  t h i s  
i s  n o t th e  ca se  a s  o n ly  1 ,4 $  o f  th e  l a b e l  i s  l o c a te d  a t  
t h a t  p o s i t i o n ,  w h ile  92$ i s  l o c a t e d  a t  C - 2 ,3 j 9 and 1 0 .
A nother a l t e r n a t i v e  f o r  HMG CoA i s  c leavage  to  a c e ­
t o a c e t a t e  and a c e t a t e .  When th e s e  f ra g m en ts  a r e  recom ­
b in ed  t o  form  HMG CoA (F ig u re  1 6 ) ,  th e  l a b e l l e d  carbon  
from 3 -m e th y lb u ta n a l  i s  d e c a rb o x y la te d  when IPP i s  
fo rm ed . However, i f  a c e t a t e - [ l - " ^ C ]  d im e r iz e s  t o  a c e t o ­
a c e t a t e ,  th e n  l a b e l  i s  i n c o r p o r a te d  i n t o  HMG CoA a t  C - l  
and C-3 (F ig u re  3 2 )-  A few tu r n s  around  th e  cy c le  d i l u t e s  
th e  l a b e l  a t  C - l  w i th  th e  a c e t a t e  p o o l ,  b u t  c o m p a ra t iv e ly
H 0 9 C  AZ 0  SCoA
/ HMG CoA
0
+ S CoA
I xxSCoA
OPP
F igure  32. In c o rp o ra t io n  of 3 -n ie th y lb u ta n a l- [ l - -^ C ]  
in to  IPP,
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c o n c e n t ra te s  th e  l a b e l  a t  C-3* F in a l ly ,  IPP i s  formed 
w i th  C-3 l a b e l l e d « R e s u l ts  o f t h i s  type  were found w ith  
l e u c i n e - [ 2 - l ifC] in  P b la k e s le e a n u s  (36)*
S e v e ra l  c o n c lu s io n s  a r e  ap p a ren t from  th e  r e s u l t s  o f 
t h i s  p ro je c t -  The whole p la n t  i s  a dynamic b io s y n th e t ic  
system  in  which each compound p a r t i c i p a t e s  in  s e v e ra l  
pathways* Each pathway i s  under r ig o ro u s  m e tab o lic  con­
t r o l  which i s  d i s tu r b e d  by th e  in t r o d u c t io n  of exogenous 
s u b s t r a t e s • The s u b s t r a t e s  i n  t h i s  s tu d y  were in ten ded  to  
l a b e l  th e  ffnon-m evalonoidu h a l f  o f a r t e m is ia  ketone - What 
h as  been dem onstra ted  h e re  i s  t h a t  th e s e  compounds a re  
m e tab o lised  t o  T,m evalonoidTT compounds by e s t a b l i s h e d  
pa th w ay s• The ro u te  o f in c o rp o r a t io n  f o r  th e s e  s u b s t r a t e s  
r e s u l t s  in  th e  same asym m etric l a b e l l i n g  p a t t e r n  a s  f o r  
m evalonoid s u b s t r a t e s  -
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